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The electroreduction of carbon dioxide to value-added chemicals, powered by renewable 
electricity, such as solar, wind, and geothermal energy, holds promise to enable the transition to 
carbon neutrality. This dissertation employs several methods to develop the porous and active 
catalysts for CO2 electroreduction and focuses on interrogating the electrocatalytic mechanisms 
for the CO2 conversion reaction through spectrochemical studies. 
Chapter 2 reports several high surface area Cu-based catalysts, prepared by the electro-
deposition of Cu, Cu/Ag, and Cu/Sn alloy films with the addition of 3,5-diamino-1,2,4-triazole 
(DAT) as an electrodeposition inhibitor. All three Cu-based electrodes exhibit high Faradaic 
efficiency (FE) of CO2 reduction toward C2H4 production. The CuSn-DAT electrode exhibits the 
highest FE for CO (~90% at -0.4 V) and C2H4 (~60% at -0.8 V) production and high current 
density (~-225 mA/cm2). In situ Surface Enhanced Raman Spectroscopy (SERS) studies in a 
flow cell obtained from the three Cu-based samples show a correlation between the decreased 
oxide content on the Cu surface, increased presence of CO, and increased activity for CO and C2 
production. The CuSn-DAT electrode has the lowest amount of Cu2O and exhibits the highest 
activity, whereas the Cu-DAT electrode has an increasing Cu2O content and exhibits lower 
activity as the potential is made negative. These results demonstrate that the incorporation of 
different well-mixed alloy materials provides a way to tune CO2 reduction speciation. 
Chapter 3 presents a copper-polyamine hybrid catalyst, developed through co-
electroplating, that significantly increases the selectivity for ethylene production. The Faradaic 
efficiency for ethylene production is 87% ± 3% at -0.47 V versus reversible hydrogen electrode, 




polyamine entrained on the Cu electrode results in higher surface pH, higher CO content, and 
higher stabilization of intermediates relative to entrainment of additives containing little or no 
amine functionality. More broadly, this work shows that polymer incorporation can alter surface 
reactivity and lead to enhanced product selectivity at high current densities. 
Overall, studies reported in this dissertation provide both electrochemical and 
spectrochemical insights into the design of catalysts for the electroreduction of CO2 to the 
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CHAPTER 1*:  
Introduction 
1.1 Energy Use and Climate Challenge 
Global energy demand, as measured by total primary energy supply, increased by almost 
150% between 1971 and 20151. This demand is expected to further increase by 28% by 2040 in 
comparison to 20152. Up until now, the world energy production is primarily supplied by the 
combustion of fossil fuels, such as coal, oil, and natural gas (Fig. 1.1a)1. As a result of fossil fuel 
utilization, annual CO2 emissions have increased significantly over the past century
1. Global CO2 
emissions from fuel combustion reached a historical high of 33.5 GtCO2 in 2018 driven by 
robust growth in population and economic activity3. In 2021, the atmospheric CO2 level 
exceeded 410 ppm (Fig. 1.1b) and is expected to continue to rise4. The rise in CO2 concentration 
is correlated with several environmental problems, such as global warming, rising sea levels, and 
more erratic weather patterns5-7. The global temperature was found to increase at an average rate 
of +0.18 °C per year since 19818. 
Removing gigatons of CO2 from the air is required to avoid the worst effects of climate 
change. An estimate suggests that we need to remove as much as 6 gigatons of CO2 per year by 
 
* Parts of this chapter have been adapted with permission from the following publications: Chen, X. et al. 
Controlling Speciation during CO2 Reduction on Cu-Alloy Electrodes. ACS Catal. 10, 672-682 (2019) and Chen, 





2030, and 10 gigatons per year by 2050. Expanding forests will leverage the power of photo-
synthesis and convert carbon dioxide in the air to carbon stored in wood and soils. However, 
forests expansion typically results in decreased land for farming and therefore reduced supply of 
food. Another way to reduce CO2 content in the atmosphere is to utilize renewable energy 
sources such as solar energy, wind power, and geothermal energy for primary energy production. 
However, the intermittency of many renewable energy sources makes them unreliable and 
inappropriate for grid use absent storage9,10. 
 
Fig. 1.1 | (a) World primary energy supply in 1971 and 2015, which includes international 
bunkers. In this graph, non-renewable waste is included in Fossil. Reprinted with permission 
from ref. 1. Copyright © 2017 International Energy Agency. (b) The atmospheric CO2 level 
measured from in the earth’s atmosphere measured from 1700 to present. Reprinted with 
permission from ref. 4. Copyright © Scripps Institution of Oceanography, UC San Diego. 
Electroreduction of carbon dioxide provides a promising solution to the problem of high 
atmospheric CO2 levels. By converting CO2 to value-added molecules, such as carbon monoxide, 
ethylene, and ethanol, CO2 electroreduction also offers an alternative pathway to produce carbon 




By utilizing the electricity generated from clean renewable energy sources, such as solar, wind, 
and geothermal energy, the CO2 reduction reaction (CO2RR) additionally provides a way to 
store excess renewable electricity as chemical energy12,13. CO2 reduction may also be utilized in 
direct atmospheric remediation schemes14-16. 
 
Fig. 1.2 | Overview of select CO2 electroreduction products, along with the current industrial 
methods to manufacture these products. The CO2RR could be an alternative sustainable pathway 
to such fossil fuel-based manufacturing methods. Reprinted with permission from ref. 11. 
Copyright © 2019 Springer Nature Limited. 
1.2 The CO2 Reduction Reaction 
In a typical CO2 electrolyzer, carbon dioxide is electroreduced at the cathode while the 
oxygen evolution reaction (OER) takes place at the anode. Depending on the catalyst, pH of the 
electrolyte, temperature, pressure, or the cell setup being used for the CO2RR, more than 10 




acid/formate, methane, ethylene, ethanol, and so on. The standard reduction potentials (Eº) for 
some selected products during the CO2RR in a pH 7 aqueous solution versus the Normal 





 Eº = -1.90 V 
CO2 + 2e
−
 + 2H+ → CO + H2O Eº = -0.52 V 
CO2 + 2e
−
 + 2H+ → HCOOH Eº = -0.61 V 
2CO2 + 12e
−
 + 12H+ → C2H4 + 4H2O Eº = -0.34 V 
CO2 + 6e
−
 + 6H+→ CH3OH+ H2O Eº = -0.38 V 
CO2 + 4e
- + 4H+→ HCHO + H2O Eº = -0.51 V 
CO2 + 8e
−
 + 8H+ → CH4 + 2H2O Eº = -0.24 V 
2CO2 + 12e
−
 + 12H+ → C2H5OH + 3H2O Eº = -0.33 V 
2e
−
 + 2H+ → H2 Eº = -0.42 V 
While these potentials are roughly equivalent to that for the fairly facile hydrogen 
evolution reaction (HER), high overpotentials are typically required to drive the CO2RR due to 
the extremely high redox potential for the formation of CO2
·− radical (Eº = -1.90 V vs NHE), 
which is thought to be the first step in the CO2RR. Additionally, the formation of the radical 
anion CO2
·− is believed to be the rate determine step (RDS) for the CO2RR. In order to obtain 
low (near-zero) overpotentials, many studies have attempted to stabilize the CO2
·− radical anion 




complicated relative to CO production, due to multiple rate determining steps (Fig. 1.3)18. The 
parasitic HER is also normally observed during the CO2RR. Therefore, developing a catalyst 
which can stabilize CO2
·−, exhibiting good selectivity towards one specific product, and suppress 
the HER remains an active area of research. 
 
Fig. 1.3 | Possible reaction pathways for the electrocatalytic reduction of CO2 to (a) CO, CH4 
(blue arrows), CH3OH (black arrows), and HCOO
− (orange arrows); (b) ethylene (gray arrows) 
and ethanol (green arrows); (c) formate (purple arrows). Reprinted with permission from ref. 18. 




Carbon monoxide is one of the most desired products of CO2 reduction reaction, which 
can be used as a source of energy. The mixture of and CO and H2 (‘‘syngas’’) can be used to 
produce higher hydrocarbons and combustion fuels via the Fischer–Tropsch process (Fig. 1.4)19-
21. CO is also an effective reducing agent in industry. For example, passing carbon monoxide 
over hot iron oxides leads to the reduction of these oxides and the formation of carbon dioxide. 
In the Mond process, carbon monoxide is used to separate nickel from other metals22. Metallic 
Au and Ag are two of the most active catalysts for the selective electroreduction of CO2 to CO, 
with concomitant production of small amounts of formic acid and H2. The Faradaic efficiency 
(FE) for CO production on can reach over 95% at high current densities19,23.  
 
Fig. 1.4 | Syngas conversion into fuels and energy. Adapted from ref. 21. Copyright © 2020 
Elsevier Ltd. 
Formic acid (HCOOH) is a principal preservative and antibacterial agent in livestock 
feed. It is also an important raw material for industries such as rubber, leather, fiber, and 
perfumes24. Its high volumetric capacity (53 g H2/L) and low toxicity make formic acid an 




dominant on electrodes consisting of Sn26-29, Pb30, and Co31, with ~90% FE. Addition of Sn to 
Cu has also been explored to control speciation during CO2 reduction for HCOOH production.  
Examples include Cu/SnO2 core/shell NPs
32, Sn-modified Cu foam33, a Sn/Cu(100) catalyst34, 
and CuSn nanowires35. Bismuth-based materials are also found to exhibit high selectivity and 
activity, showing a faradaic efficiency of more than 90% for HCOOH production24. 
Hydrocarbons are the principal constituents of petroleum and natural gas. They serve as 
fuels and lubricants as well as raw materials for the production of plastics, fibers, rubbers, 
solvents, explosives, and industrial chemicals. The pioneering work by Hori in the 1990s showed 
that Cu-based electrodes are the most efficient catalysts to reduce CO2 to hydrocarbons
36,37, an 
insight that remains valid today. Although electroreducing CO2 to hydrocarbons has promise, 
bulk Cu has very poor selectivity toward any specific product38. The hydrogen evolution reaction 
(HER) can also take place on the Cu surface, leading to loss of Faradaic efficiency for the 
desired product. 
Intensive efforts have been directed toward enhancing CO2RR selectivity for one specific 
product39,40. The conversion of CO2 to C2 chemicals (ethylene and ethanol) has been reported 
with enhanced selectivity on the Cu-based electrodes41-50. For example, the Faradaic Efficiency 
(FE) for ethylene production reached 60% on Cu nanocubes41,42. Alloying Cu with other metals 
such as Ag also favors the production of ethylene (~60% FE)43-45 or ethanol (~40% FE)46,47. The 




underlying Cu51-54. Additionally, the use of small molecules as additives to decorate the Cu 
electrodes is found to benefit CO2RR to C2 products
48,49. The use alternative reactors, such as  
flow cells, for CO2RR not only enhances the reaction rate, but also enhances the formation of C2 
products on Cu by suppressing the hydrogen evolution reaction55,56. However, the FE for 
ethylene production remains ≤ 70% and the full-cell energetic efficiency (EE) for ethylene 
production remains ≤ 30%.  
Achieving high selectivity for ethylene production (FE > 80%) with low energy input 
(cell potential < 2.2 V) remains a major challenge in this field (Table 1.1).  In the table, the Half-
cell EE is calculated by assuming the assuming the overpotential of oxygen evolution reaction is 
zero, and using the equation: 
 
where ,  is the measured Faradaic efficiency for ethylene production in 
%, and  is the cathode potential in V versus NHE. 
The Full-cell EE is calculated by using the equation: 
 
where ,  is the measured Faradaic efficiency for ethylene production in 





















10 M KOH -0.47 87 72 2.02 50 
57 5 M KOH -0.62 84 65 2.22 44 
1 M KOH -0.99 72 46 2.84 27 
Abrupt Cu 
Interface 
10 M KOH -0.54 66 44 - - 58 
Cu 
nanocubes 
10 M KOH -0.47 60 40.4 - - 
42 
1 M KOH -0.68 51 29.3 - - 
CuAg wire 1 M KOH -0.7 ~60 ~40 - - 43 













1 M KOH -0.7 ~47 ~35 - - 44 
Cu-HER-
20 
7 M KOH -0.67 68 - 2.85 ~30 50 




-0.9 60 - - - 52 
1.3 Setup for Electrochemical CO2 Reduction 
Typical laboratory-based CO2 electroreduction measurements are performed by using an 
analytical H-cell with CO2 saturated-KHCO3 solution as the source of CO2 feed
52-54. Several 
problems may be caused by the H-cell configuration, such as the depletion of dissolved CO2, 




electrode, and poisoning of the surface by products. Due in large measure to mass transport 
limitations caused by the low solubility of CO2 in the electrolyte, H-cells also exhibit relatively 
low activity for CO2 reduction (~20 mA/cm
2), a value inconsistent with industrial requirements. 
A possible solution to CO2 mass transport limitations would be the use of a flow electrolyzer 
which allows continuous flow of the CO2 gas feed and electrolyte (Fig. 1.5)
54,58. Compared to the 
H-cell setup, the flow electrolyzer provides more control of surface composition and exhibits 
substantially higher current densities (up to 1 A/cm2) with increased durability54. The continuous 
flow of the electrolyte further broadens the available surface pH range. The ability to continually 
remove products away from the surface and to operate in a more alkaline environment are 
additional benefits that make this configuration desirable. 
 
Fig. 1.5 | Schematic representation of the flow alkaline electrolyzer. Reprinted with permission 
from ref. 54. Copyright © 2015 Elsevier B.V. 
In addition to cell design, the composition, concentration, and pH of electrolytes are also 




the identity of the alkali metal cation in the electrolyte. For example, the rate of ethylene 
formation during CO2 reduction was found to be 15 times faster in Cs
+-containing electrolyte 
relative to that in Li+-containing electrolyte60. Density functional theory calculations suggest that 
the larger hydrated alkali metal cations in the outer Helmholtz plane are energetically favored to 
create a dipole field and therefore stabilize the adsorption of surface intermediates. Besides the 
solvent composition, surface pH also plays a significant role in CO2 reduction activity. 
Calculations indicate that higher surface pH will lower the energy barrier for CO2 activation, 
enhance C−C coupling between adsorbed *CO, and suppress the hydrogen evolution42,58. 
1.4 In Situ Raman Measurements 
Raman spectroscopy is a spectroscopic technique widely used to provide a structural 
fingerprint by which molecules can be identified. Raman is based on the interaction of incident 
light from a high intensity laser light source with the chemical bonds in a sample (Fig. 1.6)61. 
Most of the scattered light, called Rayleigh (elastic) scattering, is at the incident frequency and 
does not provide useful information. A small fraction (typically 0.0000001%) of the scattered 
intensity is shifted from the incident frequency by interaction with rotations or vibrations of the 





Fig. 1.6 | Schematic of a Raman spectroscopy setup. The Raman-scattered light collected and 
filtered by a microscope objective and edge/notch filter, respectively, is coupled into a grating 
spectrometer. Typically, without scanning of the spectrometer grating, the individual 
wavenumbers of a spectrum are simultaneously detected by a charge-coupled device (CCD) 
camera. Reprinted with permission from ref. 61. Copyright © 2019 MDPI, Basel, Switzerland. 
The energy of the scattered light relative to the incident light will depend on the change 
in energy of the vibrational-rotational state. The wavenumber difference between the scattered 
and incident light gives the energy of the molecular transition: 
 
And energy of vibration is related to the strength of the covalent bond (k) and the reduced mass 





Therefore, different molecular bond vibrations will exhibit Raman peaks at various intensities 
and wavenumbers, such as C-C, C=C, C-H, benzene ring breathing mode, polymer chain 
vibrations, and so on. 
A variant of Raman spectroscopy, known as surface-enhanced Raman spectroscopy 
(SERS), has grown dramatically over the past 5 decades due to its sensitive detection of 
molecules adsorbed on metal surface. SERS features a ca. 106-fold scattering enhancement 
relative to that obtained from the normal Raman scattering cross-section62. The intensity 
enhancement results from localized surface plasmon resonance (LSPR). When an 
electromagnetic wave interacts with a roughened metal surface, the wave may excite localized 
surface plasmons on the surface, resulting in amplification of the electromagnetic fields near the 
surface (Fig. 1.7). Collective LSPR oscillation from roughened surface causes surface-confined 
electric field enhancement (103-106). 
 
Fig. 1.7 | Illustration of the localized surface plasmon resonance effect. Reprinted with 




As an example of the utility of SERS, I used SERS to directly probe the formation of 
covalent Ag−C and Au−C bonds using acetylene-terminated molecules (Fig. 1.8)63. A broad 
peak around 2000 cm-1 ν(C≡C)bound was observed on both Au and Ag substrates, which  
indicates the formation of covalent Au-C and Ag-C bonds. The peak at 1592 cm-1 was related to 
the in-plane stretching mode from the benzene ring within the acetylene-terminated molecules. 
 
Fig. 1.8 | Surface-enhanced Raman spectroscopy (SERS) spectra for P1-P3 on (a) Au substrates 
and (b) Ag substrates. Reprinted with permission from ref. 63. Copyright © 2020 American 
Chemical Society. 
In this thesis, in situ SERS is used to find the intermediates and explore the effect of the 
presence of Cu oxide on CO2 electroreduction. A number of studies examining CO2 reduction on 
Cu by using in situ vibrational spectroscopic techniques have been reported44-50. These studies 
are performed with a stationary (not flowing) electrolyte, leading to issues similar to those 
encountered in the H-cell studies described above. For example, a recent in situ Raman study 





With the help of the SCS Machine Shop and Dr. Ryan Rooney, I designed a spectro-
electrochemical flow cell for the in situ Raman measurements (Fig. 1.9)35. The setup consists of 
a carbon paper-based gas diffusion layer (GDL) substrate on which a catalyst was 
electrodeposited and a quartz window which are separated by a flowing electrolyte stream. This 
flow Raman cell configuration gives an in situ spectroscopic insight into surface speciation and 
the change in surface oxidation state during high current CO2 reduction in more alkaline 
electrolyte, which is more industrially relevant. 
 
Fig. 1.9 | Schematic representation of the flow Raman cell. Reprinted with permission from ref. 
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 CHAPTER 2†:  
Controlling Speciation during CO2 Reduction on Cu-Alloy Electrodes 
2.1 Chapter Overview 
Intensive studies show that the selectivity for CO2 electroreduction to one specific 
product can be enhanced by tuning the morphology1,2, alloying with other elements3-18, and 
controlling the oxidation state of Cu in Cu-based catalysts19-22. For example, Cu2O or Cu2O-
derived Cu catalysts are reported to give better selectivity for C2 products
19-22. Previously, our 
group reported that electrodeposition of Cu and bimetallic CuAg using 3,5-diamino-1,2,4-
triazole (DAT) as a deposition additive yielded rough and porous surface structures, both of 
which exhibit high selectivity for C2 chemicals (ethylene and ethanol) production during CO2 
electroreduction1,2. In addition, various Cu-based bimetallic catalysts have been developed to 
control speciation, such as phase-separated CuPd23, uniform AuCu NPs3, and a Ag0.14Cu0.86 alloy 
catalyst4 to enhance the selectivity specifically for C2 or C1 products. Addition of Sn to Cu has 
been explored to control speciation during CO2 reduction in configuration, such as Cu/SnO2 
core/shell NPs5, Sn-modified Cu foam6, a Sn/Cu(100) catalyst7, and CuSn nanowires15. 
However, most of these bimetallic CuSn catalysts only improve selectivity for C1 products
5-18.  
 
† Reprinted with permission from Chen, X. et al. Controlling Speciation during CO2 Reduction on Cu-Alloy 




In this study, we compare the relative selectivity of CO2 electroreduction among three 
different samples based on Cu alone, a CuAg alloy, and a CuSn alloy. The samples are prepared 
using an electrodeposition protocol that yields high surface area catalysts featuring well-mixed, 
low alloy content materials. In situ Surface-Enhanced Raman Spectroscopy (SERS) is utilized to 
understand the observed differences in catalytic behavior relative to the formation of CO and C2 
products attendant the three Cu-based systems (Cu-DAT, CuAg-DAT, and CuSn-DAT). Data 
indicates the reduction of CO2 to CO is affected by the degree of surface oxidation and limited 
by the available Cu sites on the surface. The addition of Sn to Cu -- and to a lesser extent Ag -- is 
shown to diminish the amount of Cu2O on the electrode surface, leading to a higher 
concentration of adsorbed CO and attendant greater FE for CO and C2 product formation. 
2.2 Methods 
Preparation of Catalysts. All samples are comprised of a carbon paper-based gas diffusion 
layer (GDL) substrate (Sigracet 35 BC, Ion Power Inc.) on which a catalyst was electro-
deposited. The plating baths for CuSn-DAT and CuSn-control were made from 10 mM CuSO4, 
10 mM SnSO4 and 0.5 M H2SO4, with or without 1 mM 3,5-diamino-1,2,4-triazole (DAT). The 
Cu-DAT sample was prepared from 0.1 M CuSO4 and 10 mM DAT at pH 1.5 adjusted by 
H2SO4, as described previously
1. The CuAg-DAT sample was prepared from 10 mM CuSO4, 0.1 




from that reported previously2 and was chosen to maintain a constant [Cu2+] between the 
different plating baths. All the chemicals were obtained from Sigma-Aldrich. Galvanostatic 
electrodeposition on the GDL at a constant current density of -4 mA/cm2 was performed until a 
final deposition charge of 2 C/cm2 was reached to generate the four samples with identical 
loading. Before electrodeposition, the GDL was pretreated by sputtering 10 nm of Cu using an 
AJA Orion-8 Magnetron Sputtering System. Pt was used as the counter electrode, which was 
separated from the working electrode by an ion exchange membrane (Fumatech FAP-375-PP) to 
prevent DAT from being oxidized at the counter electrode. A “leakless” Ag/AgCl (eDAQ) 
electrode was used as the reference electrode. 
Characterization of Materials. Scanning electron microscopy (SEM) images were obtained 
utilizing a JEOL 7000F Analytical SEM. The amount of electrodeposited Cu and Sn was 
measured using inductively coupled plasma optical emission spectrometry (ICP-OES; 
PerkinElmer 2000 DV optical emission spectrometer). X-Ray diffraction (XRD) patterns were 
obtained by using a PANalytical Phillips X’pert MRD system #2. X-ray photoelectron 
spectroscopy (XPS) was performed with a Physical Electronic PHI 5400 instrument. Pb 
underpotential deposition (UPD) was used to determine the electroactive surface area of each 
sample24. 
X-ray Absorption Fine Structure (XAFS) experiment was performed at the sector 9 




section of 2.6 mm (horizontally) × 0.75 mm (vertically). Samples were studied ex situ by 
layering 12 sheets of carbon paper onto which the CuSn films had been electrodeposited. 
Measurements for both Cu and Sn were recorded in transmission mode using a double-crystal Si 
(111) monochromator at 50% detuning. The ion chamber detector for Cu was filled with a 
mixture of He/N2 and the ion chamber detector for Sn was filled with Ar. 
CO2 Electroreduction in a Flow Reactor. Electroreduction experiments and product analysis 
were conducted in a flow reactor setup described previously25,26. A mass flow controller (Smart 
Trak 2, Sierra Instruments) was used to flow CO2 gas (S.J. Smith Welding Supply) at a flow rate 
of 7 standard cubic centimeters per minute (SCCM) over the cathode GDL. A syringe pump 
(PHD 2000, Harvard Apparatus) was used to pump 1 M KOH at a constant flow rate of 0.2 or 
0.5 mL min-1. The CO2 electroreduction activity for all catalysts was measured by controlling the 
cathode potential with respect to a Ag/AgCl electrode (3 mol kg-1 KCl, RE-5B, BASi) using an 
Autolab PGSTAT-30, EcoChemie potentiostat in the potentiostatic electrolysis mode. All 
cathode potentials were converted to the reversible hydrogen electrode (RHE) by using the 
Nernst equation: E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 V + 0.0591 V  pH. IrO2 with a loading 
of 2 mg/cm2 on the GDL was used as the counter electrode26. 
Three minutes after the potential was applied, the gaseous product stream was sampled 
automatically and diverted for analysis in a gas chromatograph (Thermo Finnigan Trace GC) 




The exit electrolyte containing liquid products was collected and analyzed in an Agilent 
VNS750NB NMR spectrometer using a 1H NMR technique described previously25. Dimethyl 
sulfoxide (DMSO) was used as an internal standard. 
In Situ Electrochemical Raman Measurements. In situ Raman measurements were carried out 
by utilizing a spectro-electrochemical flow cell (Supplementary Fig. 2.4). A 2.0 mm thick 
polyether ether ketone (PEEK) spacer with a 0.5  2 cm hole was placed between a quartz 
window and the cathode GDL. For each in situ Raman measurement, the Raman spectrum was 
acquired from 30 1-s acquisitions. A syringe pump (PHD 2000, Harvard Apparatus) was used to 
pump 1 M KOH at a constant flow rate of 1.0 mL min-1 over the GDL. CO2 gas was introduced 
to the back of the GDL in a stainless-steel chamber at a flow rate of 7 SCCM controlled by a 
mass flow controller (Smart Trak 2, Sierra Instruments). For control trials using 1 M KOH 
electrolyte without CO2, saturated Ca(OH)2 (99.995% trace metals basis, Aldrich) was added to 
remove atmospheric CO2 as insoluble CaCO3 solid. Argon gas was introduced to the back of the 
GDL at a flow rate of 7 SCCM. Working electrodes were formed from Cu-DAT, CuAg-DAT or 
CuSn-DAT electrodeposited on a GDL. Potentials were applied (in potential holds) with respect 
to a Ag/AgCl reference electrode (3 mol kg-1 KCl, RE-5B, BASi) and reported with respect to 
RHE. To be consistent with the electrolysis measurements, Raman spectra were obtained 3 
minutes after the potential was initially applied. Potential-dependent spectra were obtained 




substantial gas evolution precluded spectra at potentials more negative than -0.6 V. Airbrushed 
IrO2 on a GDL placed in front of the cathode GDL was used as the counter electrode. 
2.3 Results 
Characterization of CuSn Films. Fig. 2.1a and 2.1b show SEM images obtained from the Cu 
and bimetallic CuAg samples electrodeposited on a GDL with DAT. Both Cu-DAT and CuAg-
DAT exhibit a wire-like structure, consistent with prior reports1,2. Fig. 2.1c and Supplementary 
Fig. 2.1a show SEM images obtained from bimetallic CuSn films electrodeposited on a GDL 
with and without DAT present in the plating bath, respectively. Both the CuSn-DAT and CuSn-
control samples exhibit a series of circular particles, but the particles are approximately a factor 
of 2 smaller in diameter in the CuSn-DAT sample, compared to the CuSn-control. This result is 
consistent with prior work showing that the presence of the DAT inhibitor leads to smaller 
particles, likely because of increased nucleation density during deposition1. The atomic % of Sn 
(as measured by ICP) in the CuSn-DAT and CuSn-control samples is 8.3% and 15.2%, 
respectively. In comparison to films deposited either from Cu alone or CuAg, the CuSn films are 
less filamentatious and exhibit a denser structure. 
Pb UPD was utilized to determine the electroactive surface area of each sample and the 
integrated PbUPD charge values are listed in Supplementary Table 2.1
24,27. The smaller PbUPD 




compared to CuSn-DAT. This result is expected due to the larger circular particles for the CuSn-
control observed in the SEM. Cu-DAT and CuAg-DAT, which both have the wire surface 
structure, exhibit an electroactive surface area ~1.7 times larger than the CuSn-DAT. The surface 
area for all the electrodeposited Cu samples is some 35-85 times larger than the GDL substrate 
with sputtered Cu alone. 
 
Fig. 2.1 | SEM images obtained from (a) Cu-DAT, (b) CuAg-DAT, and (c) CuSn-DAT samples 
electrodeposited on a GDL. All samples shown at the same magnification. 
Since Sn-alloying using our electrochemical method is new, Cu K-edge and Sn K-edge 
XAFS spectra (Fig. 2.2) were measured to understand the Cu and Sn local bonding environments 
in the CuSn-DAT sample. As shown in Fig. 2.2a and 2.2c, the Cu K edge X-ray absorption near 
edge structure (XANES) and extended XAFS (EXAFS) spectra of CuSn-DAT sample are similar 
to those of Cu foil, suggesting the metallic nature of Cu in CuSn-DAT and bulk Cu-like local 
structure for Cu species. On the other hand, the Sn K edge spectra of the CuSn-DAT sample are 
different from those of Sn metal. In the near edge region (Fig. 2.2b), the absorption edge energy 
of CuSn-DAT shifts to a higher value compared to that of Sn metal, and the white line intensities 




electronic properties of Sn in the CuSn-DAT are strongly modified by local environments, 
specifically, some degree of charge transfer from Sn to Cu. This charge transfer was also 
observed in prior work28.  
 
Fig. 2.2 | XAFS spectra of Cu foil, Sn metal, and CuSn-DAT: (a) Cu K edge and (b) Sn K edge 
normalized XANES spectra, Fourier transform magnitudes of the k2-weighted (c) Cu K edge and 
(d) Sn K edge EXAFS spectra. 
In R space (Fig. 2.2d), the EXAFS spectrum of Sn metal is dominated by a peak at about 
2.8 Å due to the Sn-Sn contribution, while the spectra obtained from the CuSn-DAT sample 
shows a distinct peak at about 2.2 Å, suggesting again a different Sn local environment in the 




Sn could be predominantly coordinated by Cu atoms as implied by the spectral similarity 
between k-space EXAFS of Sn edge of sample and Cu edge of Cu foil (Supplementary Fig. 2.2). 
Table 2.1 Values of Structural Parameters for the Near Coordination Shells of Cu and Sn Atoms 
in Cu Foil, Sn Metal, and CuSn-DAT samples 
Samples Path N R(Å) σ2(Å2) 
Cu foil Cu-Cu 12 2.540±0.003 0.0087±0.0005 
Sn metal 
Sn-Sn 4 3.000±0.006 0.0088±0.0005 
Sn-Sn 2 3.11±0.05 0.020±0.007 
CuSn-DAT 
Sn-Cu 11.6±1.5 2.65±0.02 0.009±0.004 
Cu-Cu 8.4±0.4 2.55±0.01 0.011±0.003 
Cu-Sn 0.6±0.3 2.65±0.02 0.009±0.004 
To confirm the hypothesis of Sn mixing with Cu and to obtain quantitative local structure 
information, EXAFS data were analyzed. For the Sn K edge data analysis, the fitting model 
includes one path: Sn-Cu, and for the Cu K edge data analysis, the fitting model includes two 
paths: Cu-Cu and Cu-Sn. The Cu K edge and Sn K edge data for each sample were fitted 
concurrently with several constraints applied: the bond distances and the disorder factors of the 
heterometallic bonds were constrained to be equal: R(Sn-Cu) = R(Cu-Sn), σ2(Sn-Cu) = σ2(Cu-
Sn). The same energy shift variable was used for the Cu-Cu and Cu-Sn contributions. For Sn K 
edge data, the fitting k range is 2.0-11.0 Å-1, the fitting R range is 1.8-2.8 Å, and the amplitude 
reduction factor (S0
2=1.1±0.1) was obtained by fitting Sn foil spectrum. For Cu K edge data, the 
fitting k range is 2.0-12.0 Å-1, the fitting R range is 1.6-2.7 Å, S0




fitting Cu foil spectrum. The best fitting results are summarized in Table 2.1 and the comparison 
between the experimental and fitted spectra are plotted in Supplementary Fig. 2.3. 
As shown in Table 2.1, the average coordination number (N) for Cu-Cu in the CuSn-
DAT is approximately 8.5. There is a small contribution from Cu-Sn, indicating that Cu is 
surrounded predominantly by Cu atoms. This observation is reasonable, considering the low 
weight percent of Sn in the CuSn-DAT. For CuSn-DAT, the total coordination number of Cu-
Metal (Cu-Cu and Cu-Sn) is ca. 8.5-9.0, which is smaller than that found in Cu foil (12). A 
possible explanation for this discrepancy is the granularity of the films or the strongly disordered 
nature of the Cu environment, or both, that decreases the apparent coordination number of Cu 
due to the presence of the surface or grain boundaries or enhanced bond length disorder. 
Reduction in the long-range order that accompanies both of these effects (the presence of nano-
sized grains and/or the amorphous nature of the films) is also consistent with the XRD results. 
The fact that Sn-Cu coordination number is consistent with the bulk value of 12 indicates that the 
Sn location within the film is predominantly in the inner volumes or in the subsurface regions of 
the grains. While it is difficult to evaluate the tendency for cluster formation for such a small 
concentration of Sn in the CuSn-DAT samples, the absence of Sn-Sn contributions is consistent 
with the absence of Sn-rich regions. Finally, in CuSn-DAT, the distance of Cu-Sn bond of ca. 
2.65 Å is longer than the Cu-Cu distance (2.54 Å) in bulk Cu but shorter than the Sn-Sn distance 




confirmation that Sn substitutes for Cu in the Cu lattice rather than forming a separate metal 
structure. EXAFS of CuAg-DAT was reported previously and showed a well-mixed alloy2. 
Electroreduction of CO2 in a Flow Reactor. To evaluate the catalytic performance for CO2 
electro-reduction, all the Cu-based catalysts electrodeposited on the GDL were characterized in a 
flow reactor25,26. Faradaic efficiencies for all the products on different catalysts are listed in 
Supplementary Table 2.2. Fig. 2.3a shows current density for CO2 electroreduction as a function 
of cathode potential for three different electrodes: Cu-DAT, CuAg-DAT, and CuSn-DAT. At a 
cathode potential more positive than -0.6 V, all three samples exhibit similar CO2 
electroreduction current densities. At more negative cathode potentials, CuSn-DAT has the 
highest CO2 electroreduction current density while Cu-DAT has the lowest. Specifically, the 
current density values at the cathode potential of -0.8 V on CuSn-DAT, CuAg-DAT, and Cu-
DAT are ~ -225 mA/cm2, -150 mA/cm2, and -110 mA/cm2, respectively. Interestingly, CuSn-
DAT exhibits a ~20% higher CO2 electroreduction current density than that of CuSn-control 
(Supplementary Table 2.2), corresponding to the difference in their electroactive surface area 
(Supplementary Table 2.1). 
Fig. 2.3b-d show the FE of major products (CO, C2H4 and C2H5OH) as a function of 
cathode potential. Figure 2.3b shows that CO production starts at around -0.2 V and increases at 
more negative potentials to reach a maximum FE value of ~85% on CuSn-DAT, ~60% on 




potentials, the FE for CO production decreases while the FEs for both C2H4 and C2H5OH 
production increase on all three samples (Fig. 2.3c-d). This trend is consistent with the 
assumption that the adsorbed CO is an important intermediate of the formation of C2 products, as 
has been suggested previously25,31-34. 
 
Fig. 2.3 | (a) Total current density and Faradaic efficiency for (b) CO production, (c) C2H4 
production, and (d) C2H5OH production for electroreduction of CO2 as a function of cathode 
potential on the Cu-DAT (black), CuAg-DAT (red), and CuSn-DAT (blue) electrodes. 
Three catalysts behave differently relative to the formation of C2 products. CuSn-DAT 
has the best selectivity towards C2 products, with the FE for C2H4 and C2H5OH production 
reaching nearly 60% and 25% respectively, at a cathode potential of -0.8 V. In contrast, the 




ethanol). CuAg-DAT behaves better than Cu-DAT, but still not comparable with CuSn-DAT, 
with the FE for C2H4 and C2H5OH production on CuAg-DAT reaching around 40% and 25%. 
In Situ Surface-Enhanced Raman Spectroscopy (SERS). In situ SERS is performed to 
understand the different catalytic behaviors attendant the three Cu-based systems. Fig. 2.4a-c 
report potential-dependent in situ SERS spectra obtained from Cu-DAT, CuAg-DAT, and CuSn-
DAT samples in the flow cell with a 1 M KOH (saturated Ca(OH)2 added) flow rate of 1 mL min
-
1 in front of the cathode GDL and an Ar flow rate of 7 SCCM in the back of the cathode. At open 
circuit potential (OCP), all three Cu-based samples exhibit peaks at 415 cm-1 (peak ), 534 cm-1 
(peak ), and 620 cm-1 (peak ). These three peaks are associated with the presence of Cu2O
35-
40. Cu2O belongs to the Oh point group and exhibits a cubic crystal structure with two formula 
units per unit cell (Supplementary Fig. 2.5a). Peak  at 534 cm-1 is the T2g vibrational mode 
(Supplementary Fig. 2.5b) from Cu2O, which is Raman active
35-40. Peak  at 620 cm-1 is the T1u 
mode (Supplementary Fig. 2.5c), which is IR active for a perfect Cu2O crystal
35-38. However, this 
Raman silent mode may be activated by the defects within the crystal lattice (including oxygen 
and copper site defects)40. The mode at 415 cm-1 (peak ) results from a multiphonon process, 
which can also be observed via Raman spectroscopy37-39. 
As the potential is made more negative, Fig. 2.4a-c show that three Cu-based samples 
exhibit reduced intensity associated with Cu2O bands compared to the spectrum obtained at OCP. 





Fig. 2.4 | Potential-dependent in situ SERS spectra obtained from (a) Cu-DAT, (b) CuAg-DAT, 
and (c) CuSn-DAT in a flow Raman cell with a 1 M KOH flow rate of 1 mL min-1 and an Ar 
flow rate of 7 SCCM (No CO2). Normalized intensity of the peak  as a function of cathode 
potential on (d) Cu-DAT, (e) CuAg-DAT, and (f) CuSn-DAT. 
CuAg-DAT, and CuSn-DAT surfaces, respectively. On Cu-DAT, Fig. 2.4d shows that the 
intensity of peak  decreases gradually as the potential becomes more negative. At -0.8 V, the 
intensity of peak  on the Cu-DAT surface decreases to 80% of the original intensity at OCP. 
Fig. 2.4c shows that the intensities of Cu2O related peaks - remain high at all potentials for 
CuAg-DAT. The Cu2O layer on CuAg-DAT is stable at all negative potentials. Fig. 2.4f shows 
that spectra obtained from CuSn-DAT exhibit decreased intensity associated with peak  as the 




decreases to 70% of the original intensity at OCP. These spectra show that the Cu2O is relatively 
stable absent CO2 introduction even at the negative potentials utilized for CO2 reduction. 
The persistence of oxide-related Raman signals at -0.8 V vs. RHE in the flow cell is 
interesting. The Pourbaix diagram suggests that bulk oxide reduction occurs at -0.36 V vs. SHE 
at pH 14 (0.47 V vs. RHE) relevant to this measurement41. More recently, however, new 
calculations suggest the presence of Cu oxides and hydroxides at more negative potentials in 
alkaline42. Density functional theory (DFT) calculation suggests that the Cu-terminated Cu2O 
(111) surface is favored over the O-terminated surface under conditions relevant to CO2 
reduction and that the alkaline environment can stabilize the oxide surface43. Many papers 
discuss copper oxide formation in alkaline conditions. There is less in situ work describing 
reduction of the oxide at negative potentials. Prior work showed the presence of a thin Cu-oxide 
related layer at potentials more negative than the region of stability suggested by the Pourbaix 
diagram. In situ vibrational spectra reported by Anderson et al. showed the presence of Cu2O at -
0.801 V vs. SCE in 0.1 M NaOH solution (0.213 V vs. RHE)44. Weaver et al. also reported the 
appearance of Cu2O related bands in the SERS spectra obtained at a potential of -0.95 V vs. SCE 
at pH 13 (0.064 V vs. RHE)45. The difference between the experimental observation of oxide and 
the Pourbaix diagram was explained by invoking kinetic limitations on the oxide removal 
process. Calculations suggest that Cu2O might be stabilized by the presence of a surface 




curve measurements at potentials negative of the Cu2O bulk reduction wave in the 
voltammetry47. 
 
Fig. 2.5 | Potential-dependent in situ SERS spectra obtained from (a) Cu-DAT, (b) CuAg-DAT, 
and (c) CuSn-DAT in a flow Raman cell with a 1 M KOH flow rate of 1 mL min-1 and a CO2 
flow rate of 7 SCCM. Potential dependence of normalized intensity of the peak B and peak  on 




Potential-dependent in situ SERS during CO2 reduction was performed on all three Cu-
based samples in order to correlate activity with surface speciation. Fig. 2.5 reports the potential-
dependent SERS spectra obtained from Cu-DAT, CuAg-DAT, and CuSn-DAT samples obtained 
in the flow cell with a 1 M KOH flow rate of 1 mL min-1 in front of the cathode GDL and a CO2 
flow rate of 7 SCCM in the back of the cathode. The spectrum obtained from Cu-DAT (Fig. 
2.5a) exhibits several new peaks appearing when the cathode potential is more negative than -0.2 
V. In particular, there are new peaks at 279 cm-1 (peak A) and 360 cm-1 (peak B). These two 
peaks are associated with the frustrated ρ(Cu-C-O) rotational mode and the ν(Cu-CO) stretching 
mode, respectively48-51. The corresponding normal modes for these two vibrations are shown in 
Supplementary Fig. 2.6a-b. The intensities of both peaks A and B are found to increase as the 
potential is made more negative. Fig. 2.5d shows the normalized intensity of ν(Cu-CO) (peak B) 
as a function of cathode potential. Interestingly, the intensity of peak B increases and remains 
high once a cathode potential of -0.4 V is reached. In contrast, the FE for CO production on the 
Cu-DAT catalyst increases first and decreases at potentials more negative than -0.4 V. 
Fig. 2.5a also shows the potential dependence of the Cu2O related peaks for Cu-DAT. At 
OCP, the SERS spectrum exhibits all three Cu2O related peaks -, which is similar to that 
obtained at OCP without the presence of CO2 (Fig. 2.4a). At -0.1 V, the SERS spectrum obtained 
from Cu-DAT with CO2 exhibits reduced intensity in the Cu2O-associated bands compared to the 




the intensity of Cu2O bands decreases gradually as the potential is made more negative (Fig. 
2.4d), the intensity of peak  obtained during CO2 reduction is found to increase as the potential 
becomes more negative (Fig. 2.5g). At even more negative potentials, peak  becomes dominant 
relative to peaks  and . Interestingly, when peak  starts to grow at -0.2 V, the Cu-CO 
related peaks A and B also appear. Therefore, the presence of Cu-CO on the electrode is 
correlated with the growth of a Cu2O layer on the Cu-DAT sample surface. 
The frequency of the ν(Cu-CO) stretching mode (peak B) is found to blue-shift by 15 cm-
1 from the reported ν(Cu-CO) mode on Cu(100)51, indicating stronger Cu-CO bonding on the Cu-
DAT surface relative to Cu(100) in UHV. The increased bond strength has been reported 
previously from the interaction between the CO molecules and the unsaturated Cu+ sites on the 
Cu2O(100) surface
52. Prior work also reported the presence of the ν(Cu-CO) stretching mode at 
350-360 cm-1 on the Cu electrode in aqueous media50,53. 
The spectrum obtained from CuAg-DAT in the presence of CO2 (Fig. 2.5b) also exhibits 
the two Cu-CO related peaks A at 279 cm-1 and B at 360 cm-1 at negative cathode potentials. 
Peak A appears at a more positive potential on the CuAg-DAT surface (-0.1 V) relative to Cu-
DAT (-0.2 V). While peaks A and B exhibit similar potential dependence at all potentials on Cu-
DAT, peak B on the CuAg-DAT surface appears at more negative potentials (-0.2 V) but 
becomes dominant at potentials more negative than -0.3 V. The intensities of both peaks A and B 




2.5e shows that the potential dependence of normalized intensity of ν(Cu-CO) (peak B) is similar 
to the potential dependence of the FE for CO production on the CuAg-DAT catalyst. Peak C at 
480 cm-1 is another new peak seen on the CuAg-DAT surface but not present on Cu-DAT. Peak 
C is associated with the presence of Cu(OH)2
44,45,54,55. 
Fig. 2.5h reports the potential-dependence of normalized intensity of peak  on the 
CuAg-DAT surface during CO2 reduction. The intensity of peak  increases and remains high 
once a cathode potential of -0.3 V is reached. During CO2 reduction, only the T2g vibrational 
mode (peak ) remains on the surface. In contrast, the SERS spectra obtained absent CO2 
exhibited relatively constant intensity for peak  at all negative potentials on the CuAg-DAT 
surface (Fig. 2.4b,e). 
Table 2.2. Assignments of Raman Peaks and Corresponding Vibrational Modes 
Peaks Raman Shift 
(cm-1) 
Species Assignments Reference 








Cu2O T2g  
35-40 
 620 Cu2O T1u 
35-38 
A 279 CO frustrated ρ(Cu-C-O) 48-51 
B 360 CO ν(Cu-CO) 48-51 
C 480 Cu(OH)2 Cu-O-H deformation 
44,45,54,55 
D 570 SnO2 A1g 
56-59 
Fig. 2.5c reports the potential-dependent SERS spectrum obtained from CuSn-DAT in 
the presence of CO2. In contrast to the Cu-DAT and CuAg-DAT cases, only one Cu-CO related -




peak B on CuSn-DAT is the same as that found on Cu-DAT suggests that putative interactions 
between CO and surface Sn are not large. The absence of peak A may be related to increased CO 
concentration on the CuSn-DAT surface. Indeed, prior work in the Ultra High Vacuum (UHV) 
environment showed that as the surface CO concentration was increased, the intensity of peak B 
on the Cu also increased at the expense of peak A48,60. As shown in Fig. 2.5f, the potential 
dependence of the normalized intensity of ν(Cu-CO) (peak B) mirrors the potential dependence 
of the FE for CO production from the CuSn-DAT sample. Fig. 2.5c also shows the presence of a 
new peak on the CuSn-DAT surface at 570 cm-1. This new peak D is associated with the A1g Sn-
O stretch and is typically observed in Raman spectra obtained from SnO2 nanocrystals
56-59.Fig. 
2.5i shows the potential dependence of Cu2O for CuSn-DAT during CO2 reduction. As the 
potential is made more negative, the intensity of peak  decreases dramatically. At a cathode 
potential more negative than -0.3 V, the intensity of peak  decreases to ~30% of its intensity at 
OCP. However, under Ar, CuSn-DAT exhibits evidence for the presence of Cu2O at all negative 
potentials, with somewhat decreasing intensity at negative potentials. Therefore, the 
disappearance of the Cu2O layer on the electrode is correlated with the reduction of CO2 for the 
CuSn-DAT sample. 
The relative ratio of bicarbonate to carbonate peaks in the SERS provides a measure of 
the surface pH61. In the case of CuSn-DAT, SERS (Supplementary Fig. 2.7c) shows the presence 




from Cu-DAT and CuAg-DAT (Supplementary Fig. 2.7a-b) show the presence of both carbonate 
(peak F) and bicarbonate (peak E) signals, suggesting the surface pH is lower. 
 
Fig. 2.6 | Intensity ratio of peak (B/) and the FE for CO production as a function of cathode 
potential on (a) Cu-DAT, (b) CuAg-DAT, and (c) CuSn-DAT. 
The in situ SERS spectra obtained from all three Cu-alloy samples suggest that Cu2O on 
the surface plays a significant role in the reduction of CO2 to CO. To further investigate the 
correlation between Cu2O and CO production, Fig. 2.6a-c show the intensity ratio of peaks B/ 
(ν(Cu-CO)/T2g(Cu2O)) on Cu-DAT, CuAg-DAT, and CuSn-DAT as a function of cathode 
potential. On all three Cu-alloy samples, the intensity ratio of peak B/ increases first and 
decreases as the potential is made more negative. Interestingly, the potential dependence of the 
intensity ratio of peak B/ is similar to the potential dependence of the FE for CO production on 
all three Cu-alloy samples. At -0.4 V, the intensity ratio of peak B/ is the largest on CuSn-DAT 
(~2000) compared to that on Cu-DAT (~45) and CuAg-DAT (~500). The large value of intensity 
ratio of peak B/ for CuSn-DAT corresponds to the highest FE for CO production obtained 
from this sample. The intermediate value obtained for CuAg-DAT corresponds to the 




to the lower FE for CO production obtained from this sample. Thus, the reduction of CO2 to CO 
is related to both the Cu-CO adsorption and the presence of a Cu2O layer on the Cu surface. 
2.4 Discussion 
Fig. 2.6a-c show that maintenance of a more substantial Cu2O layer on the Cu surface 
during CO2 reduction leads to a lower FE for CO production. We next address the origin of the 
Cu2O layer in the presence of CO2. Calculations suggest that oxygen atom transfer from CO2 to 
make OH- or H2O is a step during CO2 reduction to make CO (Scheme 1)
31,33,62. The suggestion 
is that surface alkalinity and therefore the amount of Cu2O should increase during the course of 
CO2 reduction. Indeed, this increase in Cu2O is seen during CO2 reduction on Cu-DAT and to a 
lesser extent on CuAg-DAT with more negative potentials. As the amount of Cu2O increases on 
the electrode surface, the FE for CO production achieves a maximum and then decreases. This 
correlation suggests that Cu2O is a byproduct of CO2 reduction, but also blocks active sites at 
higher concentrations on the surface. Indeed, calculations suggest that while thin layers of Cu2O 
are beneficial for CO2 reduction, thick layers are not
22. 
In the presence of alloyed Ag or Sn, the FE for CO production increases. 
Correspondingly, the relative amount of CO vs. Cu2O on the surface increases. The origin of this 
increase likely relates to the ability of the alloyed element to remove oxygen from the Cu surface 




Interestingly, the SERS from CuSn-DAT shows the presence of only a carbonate peak, 
indicating the surface is relatively basic even though there is less Cu2O compared with the Cu-
DAT or CuAg-DAT cases. This result suggests that Cu2O is being removed from the Cu surface 
through the agency of the alloyed Sn. Indeed, SERS spectra show the presence of SnO2 at 
intermediate potentials. The ability to reduce Cu2O leads to higher FE for CO production. CuAg-
DAT exhibits intermediate results for CO production due to the reduced oxophilicity of the Ag 
compared with Sn63. 
 
Scheme 2.1 | Proposed mechanism of reduction of CO2 to CO on (a) Cu-DAT and (b) CuSn-
DAT surfaces in alkaline solutions showing the disposition of surface oxides.  
Finally, we address the origin of increased FE for C2 products also seen with the alloy 
surfaces compared to Cu-DAT. The presence of alloying leads to increased density of CO on the 




of a dense CO layer on the CuSn-DAT surface. The increased density of CO is associated with 
increased FE for C2 products. The mechanism proposed by Koper et al. suggested that the rate 
determine step (RDS) of ethylene formation would be the dimerization of CO64. In addition, 
higher local pH on the CuSn-DAT surface relative to Cu-DAT and CuAg-DAT can also 
contribute to a higher FE for C2 products. CO dimerization and ethylene formation are reported 
to be enhanced on a high local pH electrode64,65. The lower FE for C2 products on Cu-DAT may 
also be a consequence of the thick oxide layer on the electrode surface. The stronger binding of 
CO* intermediate to the Cu2O relative to metallic Cu leads to a less reactive CO and consequent 
lower efficacy for the hydrogenation process19,22. We note that the CuSn-DAT sample is most 
efficient at ethylene formation at very negative potentials where the amount of oxide on the 
surface -- as interrogated by SERS -- is low relative to more positive potentials. This observation 
suggests that Cu2O by itself is not necessary for C2 product formation. Rather, a high 
concentration of surface CO leads to enhanced C2 production. 
In summary, the removal of Cu2O from the Cu surface through the agency of the alloyed 
Sn may result in more active Cu sites for the CO adsorption. With increased density of CO on 
the electrode surface, C-C coupling could be facilitated to form more C2 products. Thus, CuSn-





In this study, we compare the CO2 reduction performance of three electrodes based on Cu 
alone, a Cu/Ag alloy, and a Cu/Sn alloy. The electrode films were deposited onto a GDL by 
using DAT as a deposition bath inhibitor and exhibit high surface area and porous structure. CO2 
reduction in a flow reactor shows that the three Cu-based electrodes all exhibit high activity and 
selectivity for the production of CO and C2 products. CuSn-DAT exhibits the highest activity, 
followed by CuAg-DAT. 
Potential-dependent in situ SERS spectra obtained in a flow cell from the three samples 
show the presence of an inverse correlation between the magnitude of the Cu2O layer and CO 
and C2 production from the sample. While Cu-DAT exhibits an increasing Cu2O presence during 
the course of CO2 reduction, CuSn-DAT exhibits decreasing Cu2O intensity in the potential-
dependent SERS. This decrease in Cu2O intensity is correlated with relatively more Cu-CO 
intensity. The data suggest that the presence of Sn in the sample helps to remove oxide from Cu 
centers, leading to higher CO availability on the electrode surface during CO2 reduction. This 




2.6 Supporting Information 
Electroactive Surface Area of Electrodes 
Cyclic Voltammetry was performed on each sample to obtain Pb underpotential 
deposition (UPD) and stripping peaks in a plating bath made from 100 mM HClO4, 1 mM 
Pb(ClO4)2, and 20 mM KCl. Pt was used as the counter electrode. A “leakless” Ag/AgCl (eDAQ) 
electrode was used as the reference electrode. The integrated PbUPD charge values are listed in 
Supplementary Table 2.1. 
Supplementary Table 2.1. Surface Structure and PbUPD Charge of all the Cu samples. 
Samples Surface Structure PbUPD Charge μC/cm2 
Cu-DAT wired 1899 
CuAg-DAT wired 1903 
CuSn-control dotted 842 
CuSn-DAT dotted 1132 
GDL with 10nm Cu flat 22 
 
Characterization of CuSn Electrodes 
Supplementary Fig. 2.1b shows XRD patterns obtained from Cu-DAT, CuSn-control, and 
CuSn-DAT on a GDL. For Cu-DAT, the XRD exhibits three peaks associated with metallic Cu 
at 2θ = 43.2°, 50.4°, and 74.0°. These three peaks correspond to the (111), (200), and (220) 
planes from the Cu face-centered cubic (FCC) crystal structure (JCPDS 04-0836), respectively. 
The XRD obtained from the CuSn-control and CuSn-DAT samples exhibit a broader and less 




the addition of Sn leads to a more amorphous structure. No Sn-related peaks are detected due to 
the low Sn content present in the samples66-68. 
 
Supplementary Fig. 2.1 | (a) SEM image obtained from CuSn-control sample electro-deposited 
without DAT; (b) XRD and (c,d) XPS patterns of CuSn-control (red), CuSn-DAT (blue), and 
Cu-DAT (black) samples electrodeposited on a GDL. 
Supplementary Fig. 2.1c shows Cu 2p XPS data obtained from Cu-DAT, CuSn-DAT, and 
CuSn-control samples electrodeposited on a GDL. The figure shows two prominent peaks at 933 
eV and 953 eV associated with the Cu 2p3/2 and Cu 2p1/2 transitions for Cu metal or Cu2O
69,70. 
Although peaks associated with Cu(I) are difficult to distinguish from those associated with 
Cu(0), satellites around 945 eV indicate that Cu2O exists on the outer surface of all Cu-DAT, 
CuSn-DAT, and CuSn-control samples. Both CuSn-DAT and CuSn-control exhibit a peak at 935 




helps to oxidize surface Cu. The oxidized Cu is likely formed only on the outer-most surface, 
explaining the lack of detection of this species by XRD. 
Supplementary Fig. 2.1d shows Sn 3d XPS data obtained from Cu-DAT, CuSn-DAT, and 
CuSn-control samples electrodeposited on a GDL. In the case of CuSn-control, the XPS spectra 
shows two prominent peaks at 486.6 eV and 495.0 eV associated with the Sn 3d5/2 and Sn 3d3/2 
transitions for Sn2O
72,73. On CuSn-DAT, two peaks associated with the Sn 3d5/2 and Sn 3d3/2 
transitions appear to red-shift compared to CuSn-control. The peaks are not consistent with the 
transitions for Sn metal either. Thus, Sn in CuSn-DAT appears to be in an oxide state. 
X-ray Absorption Fine Structure (XAFS) of CuSn Samples 
 
Supplementary Fig. 2.2 | The k2-weighted EXAFS spectra of standards and CuSn samples. The 





Supplementary Fig. 2.3 | The comparison between the experimental spectra and fits for 





Faradaic Efficiencies for All Products at Different Catalysts 
CO2RR was carried out in a flow reactor with a 1 M KOH flow rate of 0.2- or 0.5-mL 
min-1 in front of the cathode GDL and a CO2 flow rate of 7 SCCM in the back of the cathode. 
Supplementary Table 2.2 presents the FEs for all products on different electrodes. 











 Faradaic Efficiency % 
CO CH4 MeOH 
format






-0.2 -0.9 16.4 -- -- 8.3 -- -- -- -- -- 24.7 
-0.3 -2.2 32.5 -- -- 23.5 -- -- --  -- 56.0 
-0.4 -6.0  48.8 -- -- 31.7 0.1 -- --  -- 80.6 
-0.5 -16.6  43.7 -- -- 32.2 5.4 -- 3.1  -- 84.4 
-0.6 -36.6  27.5 -- -- 23.8 14.1 -- -- 7.2 14.7 87.3 
-0.7 -66.1  16.4 -- -- 15.0 22.3 9.0 -- 7.4 11.8 81.9 




-0.3 -1.7 51.4 -- -- -- -- -- -- -- -- 51.4 
-0.4 -8.6 93.3 -- -- -- 0.1 -- -- -- -- 93.4 
-0.5 -16.6 77.6 -- -- 7.4 0.8 0.4 1.5 -- -- 87.7 
-0.6 -36.8 46.4 -- -- 10.3 13.1 13.8 2.1 -- 7.8 93.6 
-0.7 -88.3 19.0 0.1 3.1 6.3 34.8 21.0 3.3 1.0 8.6 97.1 
-0.8 -157.3 11.6 0.2 4.9 4.7 34.0 21.1 5.3 1.6 5.4 88.7 
CuSn-
DAT 
-0.3 -3.0 71.1 -- -- -- -- -- -- -- -- 71.1 
-0.4 -7.8 86.3 -- -- 6.8 -- -- 2.5 -- -- 95.6 
-0.5 -14.4 72.7 -- -- 15.8 0.2 -- 2.2 -- -- 90.9 
-0.6 -33.6 54.2 -- -- 15.1 6.9 5.1 4.6 -- 7.4 93.4 
-0.7 -103.4 20.8 -- -- 6.6 37.3 14.4 5.8 -- 8.9 93.8 
-0.8 -225.7 6.5 -- -- 3.9 56.7 22.9 4.7 -- 5.2 99.9 
CuAg-
DAT 
-0.3 -1.1 27.3 -- -- 13.1 -- -- -- -- -- 40.4 
-0.4 -3.0 53.6 -- -- 20.5 0.2 -- -- -- 23.9 98.2 
-0.5 -6.9 57.7 -- -- 12.5 1.8 9.9 -- -- 13.5 95.4 
-0.6 -30.3 49.1 -- -- 14.5 6.9 15.0 3.1 -- 9.9 98.5 
-0.7 -69.8 18.9 -- -- 6.8 33.4 22.8 5.1 -- 9.6 96.6 





In situ Flow Cell Raman Measurements  
Potential-dependent in situ Raman was performed in a flow cell (Supplementary Fig. 2.4) 
with a 1 M KOH flow rate of 1 mL min-1 in front of the cathode GDL and an Ar or CO2 flow rate 
of 7 SCCM in the back of the cathode. Supplementary Fig. 2.5 and 2.6 show the vibrational 
modes of Cu2O and Cu-CO bonding, respectively. Supplementary Fig. 2.7 shows the SERS 
spectra obtained from Cu-DAT, CuAg-DAT, and CuSn-DAT in the high energy region. 
 




Supplementary Fig. 2.5 | Schemes of (a) Cu2O unit cell and Raman modes of Cu2O (b) T2g 








Supplementary Fig. 2.6 | Schemes of the frustrated ρ(Cu-C-O) rotational mode (peak A) and the 





Supplementary Fig. 2.7 | Potential-dependent in situ SERS spectra obtained from (a) Cu-DAT, 
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CHAPTER 3‡:  
Electrochemical CO2-to-Ethylene Conversion on Polyamine-Incorporated Cu Electrodes 
3.1 Chapter Overview 
One way to increase CO2RR activity is through incorporation of an additive that could 
change intermediate stability on the electrode surface1. Unfortunately, small molecules added to 
the Cu electrode surface typically desorb and tend to leave in the flow cell2. Decoration of the 
electrode surface with a self-assembled monolayer (SAM) constructed by using a thiol or 
phosphonate also yields an unstable platform that quickly dissociates in the highly reducing and 
strong alkaline environment attendant the flow cell3. On the contrary, a polymer can be co-
deposited with the Cu and remain entrained on the electrode surface with desired functionality4,5. 
As a related example, Cu deposits have been constructed in dendrimers featuring amine 
functionality6. We wondered how the incorporation of a functional polymer with a Cu electrode 
could affect CO2RR activity.  
In this chapter, we report the development of a Cu-polyamine catalyst for CO2RR – 
prepared using a co-electroplating scheme – which features exceptionally high FE and EE, 
particularly in the production of C2 products. Polymer co-deposition with Cu has been examined 
for CO2RR previously5, but these catalysts have not yet achieved high current density 
 
‡ Reprinted with permission from Chen, X.; et al. Electrochemical CO2-to-ethylene conversion on polyamine-





conversion. In this work, in 1 M KOH, the FE for ethylene production reached 72% (90% FE for 
C2 products) at -0.97 V versus reversible hydrogen electrode (RHE; all potentials are with 
respect to this reference) with a partial ethylene current density of 312 mA/cm2. By switching the 
electrolyte from 1 M KOH to 10 M KOH, the FE for ethylene production increased to 87% at a 
cathode potential of -0.47 V (93% FE for C2 products), with the full-cell EE for ethylene 
production was 50% at a cell potential of 2.02 V. In situ Raman measurements revealed that a 
higher surface pH, higher CO content, and more stabilized intermediates were observed on the 
Cu-polyamine electrode relative to Cu alone or Cu entrained with no amine polymer additives 
during CO2RR. The Raman results portray a catalyst in which stabilization of intermediates and 
a high surface pH improve the CO2RR selectivity to ethylene production. 
3.2 Results 
Synthesis and characterization of electrodes. To understand how polymer incorporation on the 
electrode might tune electrocatalysis activity, we prepared a group of polymers (Pi, i = 1-5) 
expected to display different local environments. The poly-N-(6-aminohexyl)acrylamide (P1) 
was synthesized by post-functionalizing poly(pentafluorophenyl acrylate)100 (PPFPA100, degree 
of polymerization = 100, polydispersity index = 1.05) using N-Boc-1,6-hexanediamine, followed 
by trifluoro acetic acid (TFA) deprotection (Supplementary Note 3.1). The resulting amino 





resonance (NMR, Supplementary Figs. 3.1-3.2). Methylated polymers P2, P3, and P4 were 
prepared by methylating P1 with different amounts of MeI (Supplementary Note 3.2). The 
degree of methylation was determined by using quantitative 1H NMR (Supplementary Fig. 3.3). 
During the methylation process, methyl groups replaced hydrogen atoms on the amines 
randomly and resulted in a mixture of R-NHMe, R-NMe2, and R-NMe3
+ groups. The product 
that contains only trimethyl ammonium was defined as the 100% methylated polymer. P2 was 
found to have 35% methylation and P3 exhibited 65% methylation. P4 was 100% methylated. P5, 
which has a different side chain length relative to P1, was prepared following the same procedure 
used for P1 synthesis (Supplementary Note 3.3, Supplementary Fig. 3.4). 
Following the synthesis of polymer Pi, the copper-polymer (Cu-Pi) electrode was 
prepared by co-electrodeposition. Each electrode was comprised of a carbon fiber paper-based 
gas diffusion layer (GDL) substrate on which the catalyst was electrodeposited. As shown in Fig. 
3.1a, the Cu-Pi electrode was prepared in a plating bath containing 3 mM CuSO4, 12 µM Pi, 0.1 
M Na2SO4, and 0.5 M H2SO4. A pure Cu electrode (Cu alone) was prepared in the same plating 
bath without polymer addition. Supplementary Figs. 3.5-3.6 show the wettability of all the 
samples on a GDL. The contact angle for the Cu alone electrode was found to be ca. 120º 
whereas the contact angle for the Cu-Pi (i=1-5) electrode was ca. 145º. Thus, the addition of Pi 






Fig. 3.1 | Preparation of the Cu-polymer catalyst. a, Schematic illustration of P1 and Cu co-
electroplating on the GDL. b, SEM image of the Cu-P1 electrode. c, N 1s XPS spectrum of the 
Cu-P1 electrode. 
The Cu-Pi electrode was characterized by using scanning electron microscopy (SEM). 
Fig. 3.1b and Supplementary Fig. 3.7a-c show the SEM images obtained from Cu-Pi electrodes. 
Supplementary Fig. 3.7d shows the SEM images obtained from Cu alone electrode. All of the 
Cu-based samples exhibit an agglomerated series of particles (identified as Cu by using EDX) 
that adopt spherical shapes with diameters between 100-200 nm. Thus, the electrodeposition of 
Cu with different Pi does not substantially change the catalyst morphology. Supplementary Fig. 





GDL, Supplementary Fig. 3.8 shows a smooth layer (right) associated with the presence of Cu 
and a rougher discontinuous layer (left) associated with the backside of the GDL. XRD obtained 
from the different electrodes was identical (Supplementary Fig. 3.9).  
Fig. 3.1c shows the N 1s photoemission spectrum of Cu-P1, which exhibits a peak at ca. 
400 eV.  This XPS component was fit to include both amine and amide groups, with 
corresponding peaks at 399.4 eV and 399.7 eV, respectively7. Thus, P1 is retained on the 
electrode surface. Supplementary Fig. 3.10 shows the N 1s XPS spectra from Cu-P2, Cu-P3, and 
Cu-P4. The XPS shows the presence of a new peak at 402 eV, which is associated with trimethyl 
ammonium (R-NMe3
+)8. The intensity of the ammonium peak was found to increase from Cu-P2 
to Cu-P4, which is consistent with the increasing degree of methylation. Cu XPS (Supplementary 
Fig. 3.11) reveals the presence of Cu2O and Cu on the electrodes.  
Electrochemical CO2 conversion. To evaluate the catalytic performance for the CO2RR, the 
Cu-Pi electrode was utilized in a flow reactor described previously, where both CO2 gas and 
KOH electrolyte were continuously introduced to the cell9. Fig. 3.2 shows the FEs for all 
products obtained during CO2RR using each Cu-Pi electrode in 1 M KOH. 
For Cu-P1, the production of CO started at -0.27 V and reached a maximum FE of 73% 
at a cathode potential of -0.37 V. CO was found to be the dominant product at relatively low 
overpotentials (from -0.37 V to -0.57 V). As the cathode potential was made more negative, the 





increased. This trend is consistent with the assumption that the adsorbed CO is an intermediate 
for the formation of C2 products, as has been suggested previously
10,11. At -0.97 V, the FE for C2 
product formation on Cu-P1 reached 90% (72% FE for ethylene production + 18% FE for 
ethanol production) with a total current density of 433 mA/cm2 in 1 M KOH. By comparison, the 
FE for ethylene production from the Cu alone electrode was only 27% at a current density of 207 
mA/cm2 under the same conditions and at the same potential (Supplementary Figs. 3.12-3.13). 
Thus, the addition of P1 to the electrode leads to a FE increase of 45% for ethylene production. 
H2 evolution was suppressed on Cu-P1, with the FE for H2 evolution lower than 7% throughout 
the potential range examined, likely due to the higher surface pH for this catalyst relative to the 
others (vide infra). Consequently, the Cu-P1 electrode exhibits excellent selectivity for the 
electroreduction of CO2 to C2 products. Supplementary Figs. 3.14-3.15show that no CO2 
reduction products were obtained using Ar in place of CO2. Reduction of 
13CO2 yielded only 
13C 
labeled ethylene, further ruling out the possibility of polymer degradation to ethylene 
(Supplementary Fig. 3.16). Supplementary Fig. 3.17 shows that P1 physiosorbed to the Cu 
electrode exhibits substantially less reduction current relative to Cu-P1. Supplementary Fig. 3.18 
shows that the mono-amine mimic 2 (Supplementary Note 4) co-deposited with Cu is quickly 
deactivated during CO2RR. Finally, Supplementary Fig. 3.19 shows Cu-P5 exhibits a decreased 






Fig. 3.2 | Electrochemical CO2 conversion on the Cu-Pi electrodes. Faradaic efficiencies for 
all products on a, Cu-P1, b, Cu-P2, c, Cu-P3, and d, Cu-P4 in 1 M KOH electrolyte. Error bars 
correspond to one standard deviation. 
The Cu-P4 electrode exhibits different CO2RR activity relative to that from Cu-P1. H2 
was found to be one of the main products on the Cu-P4 electrode. The FE for H2 production was 
20-35% at all applied potentials. We note that high FE for H2 production is typically favored on 
the carbon-based electrodes12. The production of formate was also favored on Cu-P4 compared 
to that on Cu-P1. The high FEs for both hydrogen and formate production on Cu-P4 lead to a 
low FE for C2 product formation. At -0.97 V, the FEs for ethylene and ethanol production only 
reached 32% and 1% on the Cu-P4 electrode, respectively. 
For Cu-P2 and Cu-P3, which exhibit reduced degree of methylation relative to Cu-P4, the 





potential of -0.97 V, the FE for ethylene production on the Cu-P2 and Cu-P3 electrodes was 55% 
and 43%, respectively. In addition, the H2 evolution was suppressed on Cu-P2 and Cu-P3 
compared to that on Cu-P4 likely due to the lower level of methylation. 
Supplementary Fig. 3.13 shows the potential-dependent current density for CO2 reduction 
on each Cu-Pi electrode in 1 M KOH. At less negative potentials (-0.27 V to -0.57 V), the four 
Cu-Pi electrodes exhibited similar current densities for the CO2RR. As the potential became 
more negative (-0.67 V to -0.97 V), the current density was found to decrease in the order from 
Cu-P1 to Cu-P4. At -0.97 V, the current density on Cu-P1, Cu-P2, Cu-P3, and Cu-P4 was 433 
mA/cm2, 348 mA/cm2, 305 mA/cm2, and 232 mA/cm2, respectively. 
Overall, there is a strong correlation between the degree of methylation on each Cu-Pi 
electrode and their CO2RR activity. The FE for ethylene production increases with higher 
hydrogen contents in the polymers: Cu-P4 < Cu-P3 < Cu-P2 < Cu-P1 whereas the FE for H2 
evolution increases with higher degree of methylation: Cu-P1 < Cu-P2 < Cu-P3 < Cu-P4. Thus, 
the pendant amino groups in P1 are likely the key factor promoting ethylene formation during 
CO2 reduction while methyl groups favor H2 evolution. One possibility for the better 
performance on Cu-P1 is that the presence of H atoms in the amino groups at or near the 
electrode surface could act to change the reactivity (i.e., facilitate H transfer or interact with the 





molecules13,14. Thus, amino groups in P1 may help the electrode with CO2 capture, leading to a 
higher local concentration of CO2 or carbonate molecules on the electrode surface. 
In situ electrochemical Raman spectroscopy measurements. To further understand how 
amino groups in P1 promotes the CO2RR, in situ Surface-Enhanced Raman Spectroscopy 
(SERS) was performed during CO2RR in a cell described previously15. Fig. 3.3 shows the SERS 
spectra obtained from Cu-P1, Cu-P4, and Cu alone during the CO2RR. At open circuit potential 
(OCP), all three electrodes exhibit 3 peaks at 417 cm-1, 515 cm-1, and 620 cm-1 in the lower 
energy region. These three peaks are associated with the presence of Cu2O
16,17. In the higher 
energy region, the electrodes additionally exhibit two peaks at 1067 cm-1 and 1324 cm-1 at OCP, 
which correspond to carbonate and bicarbonate, respectively18. The water band at 1600 cm-1 was 
also observed on all three electrodes at OCP. 
At a cathode potential of -0.47 V, the spectrum collected from Cu-P1 exhibits several 
new peaks. In particular, there are new peaks at 293 cm-1 and 351 cm-1. These two peaks are 
associated with the frustrated ρ(Cu-C-O) rotational mode and the ν(Cu-CO) stretching mode, 
respectively19,20.  By comparison, the SERS spectra obtained from Cu-P4 and Cu alone shows 
little evidence for the Cu-CO binding in the same energy region. Thus, the Cu-P1 electrode 
exhibits higher CO content on the electrode surface during the CO2RR relative to the Cu-P4 and 





production. Supplementary Table 3.1 shows the ratio of CO to Cu2O – previously used as a 
marker for increased ethylene production15 – is substantially enhanced for the Cu-P1 catalyst. 
 
Fig. 3.3 | In situ electrochemical Raman spectroscopy measurements during CO2RR. SERS 
spectra obtained from Cu-P1, Cu-P4, and Cu alone at OCP (blue) and a cathode potential of -
0.47 V (orange). 
In addition to peaks related to Cu-CO binding, the Cu-P1 electrode also exhibits two 
other new peaks at 696 cm-1 (peak a) and 1529 cm-1 (peak b) at -0.47 V. The assignments for 
these two peaks are under debate. In a recent study, peaks a and b were assigned to the adsorbed 
carboxylate anion *CO2
-





Fourier transform infrared spectroscopy (FTIR) measurements also revealed peaks related to 
CO2RR intermediates22. In particular, a peak at 1559 cm-1 was assigned to the asymmetric 
stretching bond of *CO2
-
. The higher intensity of peak b on the Cu-P1 electrode relative to the Cu 
alone electrode shows that intermediates are stabilized on Cu-P1. The stabilization of 
intermediates on Cu-P1 might be the origin of the enhanced CO2RR activity. Peaks a and b 
could not be observed on the Cu-P4 electrode, consistent with the somewhat poorer CO2RR 
activity on Cu-P4.  
The relative ratio of carbonate to bicarbonate peaks in the SERS spectra provides a 
measure of the surface pH23. Fig. 3.3 and Supplementary Fig. 3.20 show that the peak area ratio 
of carbonate/bicarbonate on the three electrodes is different, indicating a different surface pH at 
each electrode during the CO2RR. Supplementary Fig. 3.21 shows the calibration curve for the 
surface pH calculation from the carbonate and bicarbonate peaks and the calculated surface pH 
values on each electrode are listed in Supplementary Table 3.2. Fig. 3.4 shows the surface pH 
change on different electrodes at OCP and -0.47 V. At OCP, the Cu alone electrode exhibits a 
surface pH of 9.5. This pH value is lower than that expected for 1 M KOH alone, because CO2 
reacts quickly with OH- to form bicarbonate. The bicarbonate reacts further to form carbonate. 
Thus, the reaction between CO2 and OH
- near the electrode surface leads to a lower surface pH 
relative to that of the bulk electrolyte. The Cu-P1 electrode exhibits a surface pH value of 9.7 at 





relates to the presence of amino groups at the electrode surface. A protonated organic amino 
group typically exhibits a pKa between 10-11, comparable with the pKa for bicarbonate (pKa = 
10.3). Therefore, an acid-base equilibrium exists on the Cu-P1 electrode surface as follows: 
                                        (1)  
The presence of amine shifts the equation to the right resulting in increased amounts of CO3
2- 
and consequently higher surface pH values. Cu-P4 also exhibits a relatively high surface pH of 
9.8. In this case the pH increase relative to the Cu alone electrode likely relates to OH- ion 
attraction to the polycationic structure (R-NMe3
+)24,25.  
 
Fig. 3.4 | Calculated surface pH on different electrodes. Surface pH was calculated on 
different electrodes at OCP and -0.47 V by using the relative ratio of carbonate to bicarbonate 
peaks in the SERS spectra. Error bars correspond to one standard error of the mean.  
At a cathode potential of -0.47 V, the surface pH values of all three electrodes are found 
to increase compared to those at OCP. The Cu-P1 electrode exhibits the highest surface pH value 
of 10.7, whereas the Cu-P4 and Cu alone electrodes both exhibit pH values around 10.0-10.1 at 
this potential. Supplementary Fig. 3.22 reports SERS spectra obtained from Cu-P5 in 1 M KOH. 





substantially higher than those used in prior work5 with polymer-modified Cu electrodes. The 
origin of the increased pH for the Cu-P1 electrode likely relates to the presence of protonated 
amines on the electrode surface. Indeed, a previous report suggests that R-NH3
+ donates a proton 
to a carbamate intermediate, making  R-NH2 during the CO2RR in a capture and reaction 
cycle13. The increased amount of R-NH2 and decreased amount of R-NH3
+ shift Equation (1) 
further to the right, leading to increased [CO3
2-] and thus an increased pH. In addition, the proton 
functionality of P1 could be serving as a surface proton relay, allowing for a faster deprotonation 
rate of HCO3
- on Cu-P1 compared to Cu-P4. The higher surface pH on the Cu-P1 electrode might 
be the origin of the enhanced CO2 reduction activity relative to other electrodes
26-30. 
Investigating CO2RR activity in alkaline media. The use of an alkaline electrolyte is believed 
to favor the production of ethylene, by lowering the energy barrier of CO2 activation, facilitating 
C-C coupling, and suppressing H2 evolution
26-30.  To investigate the beneficial role of pH, the 
CO2RR was performed using a series of more concentrated KOH electrolytes. The FEs for 
ethylene production on Cu-P1 in 1 M, 5 M or 10 M KOH are plotted in Fig. 3.5a as a function of 
cathode potential. The figure shows the FE for ethylene production increases with higher 
concentrations of KOH. In 1 M KOH, the onset of ethylene production occurred at a cathode 
potential of -0.47 V and the FE for ethylene production on Cu-P1 reached a maximum value of 





In 10 M KOH, ethylene production initiated at −0.17 V, which is the same potential 
where CO production started on this electrode (Supplementary Figs. 3.23-3.24). Additionally, the 
onset potential for ethylene production is shifted positively by 300 mV relative to that in 1 M 
KOH. The FE for ethylene production reaches 87% at a cathode potential of -0.47 V in 10 M 
KOH. To our knowledge, this value is the highest reported (Supplementary Table 3.3). The 
electroreduction of CO2 to ethylene in 5 M KOH electrolyte was also found to have a higher FE 
and smaller overpotential compared to that in 1 M KOH. Ethylene evolution commenced at -0.32 
V in 5 M KOH and the FE reached 84% at -0.62 V. Overall, the selectivity for ethylene 
production is strongly correlated to [KOH]26,27. The better catalytic performance in 10 M KOH is 
believed to result from the lower activation barriers for C-C coupling from activated CO on the 
Cu electrode surface40-43. We note that the use of highly concentrated alkaline electrolytes might 
result in an overestimation of the FEs for gas products due to CO2 consumption in the  
electrolyte31. In this work, the FE difference (ca. 12-15%) among the different electrolytes is 
larger than the putative overestimation error, indicating selectivity enhancement by switching to 
more concentrated alkaline electrolyte actually occurs. Additionally, the positive shift of the 
onset potential for CO2-to-ethylene conversion in more concentrated KOH electrolyte reveals 
better CO2RR activity. In the future, a two-step reduction with an initial CO2-to-CO conversion 






The use of a more concentrated electrolyte also reduces the overpotential at the anode 
(Supplementary Table 3.4). This reduction in overpotential leads to a higher energy efficiency. 
The EE of ethylene production on Cu-P1 is plotted against cell potential in Fig. 3.5b. The figure 
clearly shows that the EE for ethylene production increases with higher electrolyte concentration: 
1 M KOH < 5 M KOH < 10 M KOH. The full-cell EE achieved 50% at a cell potential of 2.02 V 
in 10 M KOH with the half-cell EE reaching 72%. (Half-cell EE was calculated by assuming the 
overpotential of oxygen evolution reaction is zero. (Supplementary Table 3.3)) This EE at both 
the full-cell and half-cell level is, to our knowledge, higher than any results reported previously 
(Supplementary Table 3.3). We note the use of high concentration electrolytes may raise cost and 
pose durability issues; issues that may be diminished by using a membrane electrode assembly in 
place of the flow cell used here32-34. 
 
Fig. 3.5 | Electrochemical characterization of the Cu-P1 catalyst in different concentrations 
of KOH electrolyte. a, Faradaic efficiency for C2H4 production as a function of cathode 
potential. b, Energetic efficiency for C2H4 production as a function of cell potential. Error bars 
correspond to one standard deviation. 
In situ Raman was performed on Cu-P1 in 10 M KOH at a potential of -0.47 V where 





obtained in 10 M KOH and Supplementary Fig. 3.26 reports the corresponding pH values. In this 
case, as well, an increase in pH relative to bare Cu is observed from 10.2 at OCP to 11.1 at -0.47 
V. The higher surface pH value in 10 M KOH than that in 1 M KOH may be one of the reasons 
for the better catalytic performance. 
The persistence of P1 at the negative potentials attendant CO2RR was measured by using 
postmortem N XPS. Supplementary Fig. 3.27 shows the N 1s XPS spectrum collected from Cu-
P1 following 3 h of use for the CO2RR. The normalized intensity of the N 1s XPS peak (with 
respect to C 1s) before and after CO2RR was 38% and 34%, respectively, indicating that P1 was 
retained during the electroreduction process. Supplementary Figs. 3.28-3.29 show that the SEM 
and XRD of the different electrodes after CO2RR was similar to that obtained prior to CO2RR. 
Similarly, GC analysis obtained using Ar in place of CO2 shows no evidence for N-containing 
products (Supplementary Fig. 3.14). Thus, P1 was relatively unchanged during the CO2RR. 
Supplementary Fig. 3.30 shows the results of a test of Cu-P1 stability in 1 M KOH at a 
cathode potential of -0.77 V. After 3 h use, the FE for ethylene production starts to decrease 
while the FE for H2 evolution begins to increase. This behavior is similar to that seen when using 
Cu alone in a GDL and likely relates to corrosion in this configuration26,27. Prior work shows the 
GDL loses hydrophobicity during electrocatalysis, which leads to performance loss35,36. Using a 





stability of Cu-based electrodes on a GDL or other substrates is presently a focus of research 
worldwide. 
3.3 Conclusion 
In this work, we decorated Cu electrodes with a stable amine-containing additive 
exhibiting different degrees of methylation. The Cu-P1 electrode, which presents amino groups, 
exhibits the best CO2RR activity towards ethylene production at high current density and 
selectivity. The origin of this behavior is the higher CO content and higher surface pH on Cu-P1 
relative to the other electrodes. The higher surface pH is a consequence of the presence of the 
amine. The presence of P1 may also help to stabilize intermediates during the CO2RR.  
Overall, this work presents a strategy to enhance electrochemical CO2-to-ethylene 
conversion through the introduction of a polymer that is entrained on the electrode surface. These 
findings provide a method by which designer CO2RR catalysts for high rate conversion may be 
constructed.  
3.4 Methods 
Catalysts preparation. All Cu samples are comprised of a carbon fiber paper-based gas 
diffusion layer (GDL) substrate (Sigracet 35 BC, Ion Power Inc.) on which a catalyst was 
electrodeposited. The plating baths for Cu-Pi (i =1-5) and Cu alone were made from 3 mM 





chemicals were obtained from Sigma-Aldrich. Galvanostatic electrodeposition on the GDL at a 
constant current density of -4 mA/cm2 was performed until a final deposition charge of 2 C/cm2 
was reached to generate samples with identical loading. The back side of GDL substrate was 
fixed to a micro glass slide with a double-sided tape, giving one-sided deposition of Cu. Pt wire 
was used as the counter electrode. A leakless Ag/AgCl (eDAQ) electrode was used as the 
reference electrode. Before electrodeposition, the GDL was pretreated by sputtering 10 nm of Cu 
using an AJA Orion-8 Magnetron Sputtering System. Electroactive surface areas for the different 
electrodes were similar (Supplementary Table 5). The thickness of the Cu deposit was ca. 2 µm 
as determined by profilometry. 
Materials Characterization. Scanning electron microscopy (SEM) images were obtained 
utilizing a JEOL 7000F Analytical SEM. X-ray photoelectron spectroscopy (XPS) was 
performed with a Physical Electronic PHI 5400 instrument. X-Ray diffraction (XRD) patterns 
were obtained by using a Bruker D8 Advance X-ray Diffractometer. Contact angle 
measurements were conducted using a Ramé-Hart contact angle goniometer (Model 250). Gas 
chromatography–mass spectrometry (GC-MS) spectra were obtained by using a Waters GCT 
Premier EI. NMR spectroscopy was recorded using a Carver Bruker 500 NMR spectrometer in 
the NMR Laboratory, School of Chemical Science, University of Illinois. NMR spectra were 
processed by using MestReNova (v12.0.3). The chemical shift (δ) is listed in ppm and the 





CO2 Electroreduction in a Flow Reactor. Electroreduction experiments and product analysis 
were conducted in a flow reactor setup described previously9,37. A syringe pump (PHD 2000, 
Harvard Apparatus) was used to pump electrolyte at a constant flow rate of 0.2 or 0.5 mL min-1 
over the cathode GDL. A mass flow controller (Smart Trak 2, Sierra Instruments) was used to 
flow CO2 gas (S.J. Smith Welding Supply) at a flow rate of 7 standard cubic centimeters per 
minute (SCCM) behind the cathode GDL. The CO2 electroreduction activity for all catalysts was 
measured by holding a constant cathode potential with respect to a Ag/AgCl electrode (3 mol kg-
1 KCl, RE-5B, BASi) using an Autolab PGSTAT-30, EcoChemie potentiostat. All cathode 
potentials were converted to the reversible hydrogen electrode (RHE) by using the Nernst 
equation: E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 V + 0.0591 V  pH. A GDL with an IrO2 
loading of 1 mg/cm2 was used as the counter electrode37. Anode potentials were recorded by a 
multimeter (AMPROBE 15XP-B) with respect to a Ag/AgCl electrode. 
Three minutes after the potential was applied, the gaseous product stream was sampled 
automatically and diverted for analysis in a gas chromatograph (Thermo Finnigan Trace GC) 
equipped with both a thermal conductivity detector (TCD) and a flame ionization detector (FID). 
The exit electrolyte containing liquid products was collected and analyzed in a Carver B500 
NMR spectrometer using a 1H NMR technique described previously9. Dimethyl sulfoxide 





In situ electrochemical Raman measurements. In situ Raman measurements were carried out 
by utilizing a spectro-electrochemical flow cell described previously15. A 2.0 mm thick polyether 
ether ketone (PEEK) spacer with a 0.5  2 cm hole was placed between a quartz window and the 
cathode GDL. A syringe pump (PHD 2000, Harvard Apparatus) was used to pump 1 M KOH at 
a constant flow rate of 1.0 mL min-1 over the GDL through the PEEK spacer. CO2 gas was 
introduced to the back of the GDL in a stainless-steel chamber at a flow rate of 7 SCCM 
controlled by a mass flow controller (Smart Trak 2, Sierra Instruments). For each in situ Raman 
measurement, the Raman spectrum was accumulated by 180 single acquisitions, with an 
exposure time of 1 second each. Working electrodes were formed from Cu-Pi or Cu alone 
electrodeposited on a GDL. Cathode potentials were applied in the potentiostatic mode with 
respect to a Ag/AgCl reference electrode (3 mol kg-1 KCl, RE-5B, BASi) and reported with 
respect to RHE. To be consistent with the electrolysis measurements, Raman spectra were 






3.5 Supporting Information 
Supplementary Note 3.1: Synthesis of P1 
 
All reagents were purchased from Acros Organics, Fisher Scientific, Cambridge 
Chemical Technologies, Chem-Impex International, AK Scientific, TCI America, ProteinMods, 
AA block, or Sigma-Aldrich, and used without further purification unless otherwise noted. For 
the synthetic procedures, triethyl amine (TEA), dichloromethane (DCM), trifluoroacetic acid 
(TFA), isopropyl alcohol (IPA), tetrahydrofuran (THF), acetonitrile, DMSO and 
dimethylformamide (DMF) were stored over activated 4 Å molecular sieves. NMR spectra were 
recorded using Varian U500, Bruker CB500 or VNS750NB spectrometers in the NMR 
Laboratory, School of Chemical Science, University of Illinois. Spectra were processed by using 
MestReNova (v8.1). The chemical shift (δ) is listed in ppm and the coupling constants (J) are in 
Hz. Mass spectral analyses were provided by the Mass Spectrometry Laboratory, School of 
Chemical Science, University of Illinois, using ESI on a Waters Micromass Q-Tof spectrometer, 
FD on a Waters 70-VSE spectrometer. The RAW data files were processed using OriginPro2019 





Poly(pentafluorophenyl acrylate)100 (PPFPA100) was prepared by using a literature 
procedure38,39. The degree of polymerization (DP) was calculated to be 97 using the NMR 
conversion and 95 by size exclusion chromatography (SEC). Polydispersity index (PDI) was 
determined to be 1.05 by SEC. 
In a 20 mL screw-cap glass vial, 650 mg (27 μmol) of PPFPA100, 650 mg (3.0 mmol) of 1 
were dissolved in 6 mL of SPS dried THF. The vial was capped, sealed with parafilm, and stirred 
at 60 °C for 4 h. 19F NMR was measured by taking 50 μL of the reaction mixture diluted in 600 
μL of CDCl3. The NMR integration indicated 100% conversion of PPFPA100 to P1 which 
matched the designed amount (Supplementary Fig. 3.1). The mixture was cooled to room 
temperature and precipitated in 40 mL of a 1:1 (v/v) mixture of hexane and ethyl ether. The gel-
like precipitate was dissolved in a mixture of 3 mL of DCM and 3 mL of TFA, and the mixture 
was stirred overnight. The solution was added to 40 mL of ethyl ether to precipitate the polymer 
again. The precipitate was dissolved in 10 mL of water and dialyzed against 0.2 M NaCl for 4 h 
and water for 20 h using a dialysis membrane with 1 kDa cutoff. The solution was filtered 
through a 0.22 μm filter and lyophilized to afford 580 mg (96%) of the title product as a white 






Supplementary Fig. 3.1 | The 19F NMR spectrum of the reaction mixture during PPFPA 
substitution. The completely disappearance of 19F signal of PPFPA and the appearance of 





Supplementary Fig. 3.2 | The 1H NMR spectrum of P1 in D2O. The integrations and chemical 






Supplementary Note 3.2: Synthesis of P2, P3, and P4 
 
In 20 mL glass vials, 176 mg (8 μmol) of P1 was dissolved in a mixture of 3 mL of water 
and 3 mL of DMF. To the mixture was added 500 mg of K2CO3 and stirred at room temperature 
for 10 min. To this was added the following portions of MeI: 136 mg (960 μmol, 1.2 eq) for 
synthesizing P2, 273 mg (1920 μmol, 2.4 eq) for synthesizing P3, and 681 mg (4.8 mmol, 6 eq) 
for synthesizing P4. The vials were sealed and stirred at room temperature for 24 h. The 
polymers were purified by dialyzing against 0.1 M NaCl for 6 h and water for 18 h using a 
dialysis membrane with1 kDa cutoff. The solution was filtered through a 0.22 um filter and 
lyophilized to afford the title polymers as off-white solids: P2, 169 mg (90%), P3, 167 mg 
(84%), and P4, 186 mg (89%). The three polymers were each dissolved in D2O and measured by 
quantitative 1H NMR on a Bruker CB500 NMR instrument. The degree of methylation was 
determined by the integration of peaks from 2.9-3.4 ppm and using the integration of the peak at 








Supplementary Fig. 3.3 | The 1H NMR spectrum of Pi in D2O. The degree of methylation was 




Supplementary Note 3.3: Synthesis of P5 
 
 
P5, which has a different side chain-length relative to P1, was prepared following the 







Supplementary Fig. 3.4. The 1H NMR spectrum of P5 in D2O. The integrations and chemical 
shifts of proton NMR signals indicate the correction structure for P5. 
 
Supplementary Note 3.4: Synthesis of the Mono-Amine Mimic (2) 
 
In a 200 mL round bottom flask, 2.2 g (10 mmol) of 1 and 1.7 mL (12 mmol) of TEA 
(from solvent purification system, SPS, and stored over sieves) were dissolved in 100 mL of SPS 
dried DCM. The mixture was cooled in an ice bath, and 1.1 g (12 mmol) of propionyl chloride 
was added dropwise. The mixture was warmed to room temperature and stirred for 24 h. The 
mixture was washed with 100 mL of a saturated aqueous solution of NaHCO3, 100 mL of water 





rotary evaporator, and purified using silica column chromatography eluting with a solvent 
gradient from DCM to 5% MeOH in DCM. The purified product was dissolved in 6 mL of 1:1 
v/v mixture of DCM and TFA, and the mixture was stirred at room temperature for 12 h. 
Volatiles were removed using a rotary evaporator, and the resulting gel-like solid was dissolved 
in 100 mL of water. The aqueous layer was washed twice with 100 mL of ethyl ether, and the pH 
was adjusted to >11 by adding a 5 M aqueous solution of NaOH. The aqueous mixture was 
extracted twice with 50 mL of a 10:1 v/v mixture of DCM and IPA, and the combined organic 
layer was washed with brine, dried over Na2SO4, and filtered. Volatiles were removed by using a 
rotary evaporator to afford 520 mg (28%) of a gel-like solid as the title product.  
1H NMR (500 MHz, CDCl3): δ 6.11 (s, 1H), 3.14 (m, 2H), 2.61(t, J = 7.0, 2H), 3.58 (m, 
8H), 2.11 (q, J = 7.6, 2H), 1.42 (m, 2H), 1.35 (m, 2H), 1.07 (t, J = 7.6, 3H) 13C NMR: (125 MHz, 
CDCl3): δ 174.1, 44.7, 39.5, 33.9, 29.9, 29.8, 27.1, 26.7, 10.7. High resolution ESI-MS: m/z 
calculated for C9H32N2O ([M+H]








Contact angle measurements for all the electrodes 
 
Supplementary Fig. 3.5 | Wettability images of all the samples on a GDL. Contact angle 
images were obtained using a Ramé-Hart contact angle goniometer (Model 250). 
 
 
Supplementary Fig. 3.6 | Contact angle of all the samples on a GDL. The addition of Pi (i = 







SEM images of different electrodes before CO2RR 
 
Supplementary Fig. 3.7 | SEM images of different electrodes before CO2 reduction. All of 
the Cu-Pi samples exhibit an agglomerated series of particles (identified as Cu by using EDX) 
that adopt spherical shapes with diameters between 100-200 nm. 
 
Cross-section SEM image of Cu-P1 before CO2RR 
 
Supplementary Fig. 3.8 | Cross-section SEM image of Cu-P1. The smooth layer (right) is 
associated with the presence of Cu and the rougher discontinuous layer (left) is associated with 





XRD patterns of different electrodes before CO2RR  
 
Supplementary Fig. 3.9 | XRD patterns of different electrodes before CO2 reduction. XRD 
patterns were obtained by using a Bruker D8 Advance X-ray Diffractometer. All the Cu-Pi 
samples exhibit identical XRD patterns. 
 
 
N 1s XPS spectra of different electrodes before CO2RR 
 
Supplementary Fig. 3.10 | N 1s XPS spectra of Cu-Pi (i = 2-4) and Cu alone 
electrodeposited on a GDL before CO2RR. The XPS spectra of of Cu-Pi (i = 2-4) shows the 
presence of a new peak at 402 eV, which is associated with trimethyl ammonium (R-NMe3
+). 
The intensity of the ammonium peak was found to increase from Cu-P2 to Cu-P4, which is 







Cu 2p XPS spectra of different electrodes before CO2RR 
 
Supplementary Fig. 3.11 | Cu 2p XPS spectra of Cu-Pi (i = 1-4) and Cu alone 
electrodeposited on a GDL before CO2RR. Two prominent peaks at 933 eV (2p3/2) and 953 
eV (2p1/2) are assigned to Cu metal and Cu2O
40,41. Although the deconvolution of Cu(I) and 
Cu(0) 2p3/2 peaks is challenging due to their small binding energy difference, satellites around 
945 eV indicate the existence of Cu2O on the surface of Cu-Pi. Both Cu-P2 and Cu-P3 exhibit a 
peak at 935 eV associated with CuO42 while no CuO-related peaks were observed on Cu alone, 
Cu-P1, and Cu-P4 from the XPS data. 
 
 
Faradaic efficiencies for all products on Cu alone in 1 M KOH 
 
Supplementary Fig. 3.12 | Electrochemical CO2 conversion on the Cu alone electrode. 








Total current density for CO2 electroreduction on all electrodes in 1 M KOH 
 
Supplementary Fig. 3.13 | Electrochemical CO2 conversion on all the electrodes. Total 
current density of CO2 electroreduction on all samples in 1 M KOH. Error bars correspond to 
one standard deviation. At less negative potentials (-0.27 V to -0.57 V), the four Cu-Pi electrodes 
exhibited similar current densities for the CO2RR. As the potential became more negative (-0.67 
V to -0.97 V), the current density was found to increase in order from Cu-P4 to Cu-P1.  
 
 
Blank electrolysis in Ar 
 
Supplementary Fig. 3.14 | Blank electrolysis in Ar. The GC spectrum from the thermal 
conductivity detector (TCD) at -0.97 V on Cu-P1 in Ar. No CO- or ethylene-related peaks were 
found in the GC. Therefore, the carbon-based products formed during CO2 reduction are not 







Supplementary Fig. 3.15 | Total current density as a function of cathode potential on Cu-P1 
in CO2 and Ar. In Ar, the total current density at each potential is lower relative to that in CO2. 
Since the HER has no competing reactions in Ar, the current densities obtained in Ar are larger 
than the H2 partial current densities seen with the CO2 gas feed. 
 
 
13CO2 labelled reduction on Cu-P1 
 
Supplementary Fig. 3.16 | 13CO2 labelled reduction on Cu-P1. The GC-MS spectra of a 13CO2 
labelled reduction experiment on Cu-P1 obtained at -0.97 V. Exact mass calculation for 
H2
13C13CH2 is 30.038 seen at the peak marked with an arrow. Exact mass calculation for 
H2





P1 physiosorbed to the Cu electrode for CO2RR 
 
Supplementary Fig. 3.17 | Current density on the Cu electrode with adsorbed P1 (not co-
deposited) at -0.87 V in 1 M KOH. If the polymer P1 was adsorbed on the Cu GDL electrode 
without the co-deposition protocol, it forms a hydrophobic layer on the Cu surface. 
Supplementary Fig. 3.17 shows the current density as a function of time at -0.87 V on the Cu 
electrode with adsorbed P1 on the surface. The initial current density was ca. 12 mA/cm2. In 
contrast, the initial current density for the Cu-P1 was ca. 350 mA/cm2 at the same potential, 
substantially higher. Additionally, the current from the adsorbed P1 decays rapidly, reaching a 
value of ca. 6 mA/cm2 after 600 s. In contrast, Cu-P1 exhibits a current > 300 mA/cm2 after 600 
s at this potential. Thus, the co-deposition process is a necessary condition to achieve the high 
current densities reported. 
 
 
Co-deposited Cu-2 for CO2RR 
 
Supplementary Fig. 3.18 | Current density as a function of time on Cu-2 at -0.87 V in 1 M 
KOH. We co-deposited the mono-amine mimic 2 (Supplementary Note 3.4) and Cu. Since 2 has 
a shorter chain length relative to P1, and does not contain a long polymeric chain to entangle into 
Cu, there is little physical incorporation of 2 into the Cu. During CO2 electrolysis, Cu-2 co-





quickly loses activity (Supplementary Fig. 3.18), in contrast to the behavior of Cu-P1. We 




CO2RR on Cu-P5 
 
Supplementary Fig. 3.19 | Electrochemical CO2 conversion to ethylene on Cu-P5. The FE 
for ethylene production on Cu-5 as a function of cathode potential in 1 M KOH. Error bars 





SERS spectra obtained on different electrodes from multiple measurements 
 
Supplementary Fig. 3.20 | In situ electrochemical Raman spectroscopy measurements 







Calibration curve for the surface pH calculation 
 
Supplementary Fig. 3.21 | Calibration curve for the surface pH calculation. A series of 
standard solutions with certain pH values were prepared by mixing carbonate and bicarbonate. 
The Raman spectra were obtained by flowing standard solutions over the GDL and Ar at the 
back of the GDL using parameters identical to those reported in the paper. The calibration curve 
of surface pH calculation by using the peak area ratio of carbonate/bicarbonate. Error bars 




Surface pH measurements for Cu-P5 
 
Supplementary Fig. 3.22 | In situ electrochemical Raman spectroscopy measurements 






CO2RR on Cu-P1 in different concentrations of KOH  
 
Supplementary Fig. 3.23 | Electrochemical CO2 conversion on Cu-P1. Faradaic efficiencies 
for all products on Cu-P1 in (a) 5 M and (b) 10 M KOH electrolytes. Error bars correspond to 




Supplementary Fig. 3.24 | Electrochemical CO2 conversion on Cu-P1. Total current density 









SERS spectra obtained on Cu-P1 in 10 M KOH 
 
Supplementary Fig. 3.25 | SERS spectra obtained on Cu-P1 in 10 M KOH. The -0.47 V 
value is chosen for the 10 M KOH sample because it is at this potential that the highest FE for 




Surface pH change on different electrodes 
 
Supplementary Fig. 3.26 | Calculated surface pH on different electrodes. Surface pH was 
calculated on different electrodes at OCP and -0.47 V by using the relative ratio of carbonate to 





N 1s XPS spectra of Cu-P1 after CO2RR  
 
Supplementary Fig. 3.27 | N 1s XPS spectrum Cu-P1 after CO2 reduction. The N 1s 
photoemission spectrum of Cu-P1 exhibits a peak at 399.7 eV before CO2RR and another peak 
at 400.0 eV after CO2RR. Since the XPS instrument we are using (Physical Electronic PHI 5400 
instrument) has a resolution of ca. 0.4 eV, the small shift in energy of the N peaks between the 






SEM images of different electrodes after CO2RR 
 
Supplementary Fig. 3.28 | SEM images of different electrodes after CO2 reduction. The 






XRD patterns of different electrodes after CO2RR 
 
Supplementary Fig. 3.29 | XRD patterns of different electrodes after CO2 reduction. The 
crystalline phase of copper does not change after CO2 electrolysis. 
 
 
Stability test on Cu-P1 in 1 M KOH 
 
Supplementary Fig. 3.30 | Stability test on Cu-P1 in 1 M KOH. Current density and the FE 
for ethylene production as a function of reaction time when the cathode potential was held at -





Table of peak area ratio obtained from SERS 
Supplementary Table 3.1. Peak area ratio ν(Cu-CO)/vt2g(Cu2O) on different electrodes at -0.47 











Table of calculated surface pH on different electrodes 
Supplementary Table 3.2. Calculated surface pH on different electrodes obtained by using 
SERS. Error bars correspond to one standard error on the mean.   
Electrode [KOH] (M) 
pH value 
OCP -0.47 V 
Cu-P1 1 9.65±0.04 10.69±0.05 
Cu-P4 1 9.81±0.03 10.07±0.03 
Cu alone 1 9.48±0.04 9.97±0.03 
Cu-P5 1 9.28±0.04 9.70±0.07 






Table of CO2RR to ethylene performance with state-of-the-art catalysts 




















-0.47 87 72 2.02 50 
This 
work 
5 M KOH -0.62 84 65 2.22 44 










-0.47 60 40.4 - - 
27 
1 M KOH -0.68 51 29.3 - - 
CuAg 
wire 









-1.6 60 - - - 44 
 
 
 (*) Half-cell EE is calculated by assuming the assuming the overpotential of oxygen evolution 
reaction is zero, and using the equation: , where , 
 is the measured Faradaic efficiency for ethylene production in %, and  is the 
cathode potential in V versus NHE. 
 
(#) Full-cell EE is calculated by using the equation: ,where 
,  is the measured Faradaic efficiency for ethylene production in %, and 









Table of measured anode/cell potential on each electrode  
Supplementary Table 3.4. Measured cathode/anode potential on each electrode. 
Electrodes KOH conc. Ecathode (VRHE) Eanode (VRHE) Ecell (V) 
Cu-P1 1 M 
-0.27 1.49 1.76 
-0.37 1.51 1.88 
-0.47 1.53 2.00 
-0.57 1.56 2.13 
-0.67 1.62 2.29 
-0.77 1.80 2.57 
-0.87 1.97 2.84 
-0.97 2.06 3.03 
Cu-P1 5 M 
-0.22 1.50 1.72 
-0.32 1.51 1.83 
-0.42 1.53 1.95 
-0.52 1.56 2.08 
-0.62 1.60 2.22 
Cu-P1 10 M 
-0.17 1.51 1.68 
-0.27 1.52 1.79 
-0.37 1.53 1.90 
-0.47 1.55 2.02 
Cu-P2 1 M 
-0.37 1.51 1.88 
-0.47 1.52 1.99 
-0.57 1.53 2.10 
-0.67 1.57 2.24 
-0.77 1.64 2.41 
-0.87 1.72 2.59 
-0.97 2.06 2.76 
Cu-P3 1 M 
-0.37 1.51 1.88 
-0.47 1.52 1.99 
-0.57 1.53 2.10 
-0.67 1.56 2.23 
-0.77 1.60 2.37 
-0.87 1.73 2.60 
-0.97 2.06 2.75 
Cu-P4 1 M 
-0.37 1.50 1.87 
-0.47 1.52 1.99 
-0.57 1.55 2.12 
-0.67 1.61 2.28 
-0.77 1.69 2.46 
-0.87 1.81 2.68 





Table of electroactive surface area of different electrodes  
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APPENDIX A:  
Flow Raman Cell Design 
 
Figs. A.1 shows the scheme of flow Raman cell used for in situ SERS measurements, 
drawn by Dr. Michael A. Harland from the SCS machine shop. 
 
Fig. A.1 | Scheme of the assembled flow Raman cell. 
The flow Raman cell consists of a carbon paper-based gas diffusion layer (GDL) 
substrate on which a catalyst was electrodeposited and a quartz window, which are separated by 
a flowing electrolyte stream. Fig. A.2 shows the design of the stainless steel clamp used for 











A 2-mm-thick polyether ether ketone spacer (Fig. A.3) with a 0.5 × 2 cm hole was used 
to flow electrolyte at a constant flow rate of 1 ml min−1 over the GDL.  
 
Fig. A.3 | Scheme of the PEEK stream. 
CO2 gas feed was introduced to the back of the GDL in a stainless steel chamber (Fig, 








Fig. A.4 | Scheme of the stainless steel base. 
 
 
 
  
